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Abstract

Depression is associated with abnormalities in Hypothalamic-Pituitary-Adrenal (HPA) axis
functioning and neural circuitry that underlie the stress response. Resting-state functional
connectivity (RSFC) captures intrinsic connections between frontolimbic brain regions that may
set the stage for the rallying and regulating of the HPA axis system. This study examined the
association between cortisol stress response and frontolimbic (amygdala and ventral and dorsal
medial prefrontal cortex [vmPFC and dmPFC respectively]) RSFC in 88 (Age: M = 15.95, SD
=2.04; 71.60% female) adolescents with (N=55) and without (N=33) major depressive disorder
(MDD). We collected salivary cortisol in the context of a modified Trier Social Stress Test (TSST)
paradigm. Key findings were that adolescents with depression and healthy controls showed
different patterns of association between amygdala and vmPFC RSFC and HPA functioning: while
healthy controls showed a positive relationship between frontolimbic connectivity and cortisol
levels that may indicate coordination across neural and neuroendocrine systems, adolescents

with depression showed a minimal or inverse relationship, suggesting poor coordination of these
systems. Results were similar when examining non-suicidal self-injury subgroups within the MDD
sample. These findings suggest that the intrinsic quality of this frontolimbic connection may be
related to HPA axis functioning. In MDD, inverse associations may represent a compensatory
response in one system in response to dysfunction in the other. Longitudinal multilevel research,
however, is needed to disentangle how stress system coordination develops in normal and
pathological contexts and how these systems recover with treatment.
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To ensure survival, neural and neuroendocrine systems activate to detect and respond
appropriately to threats. Ideally, these biological resources disengage once the threat has
subsided. Research investigating individual indexes of neural or neuroendocrine functioning
has established a relationship between depression and a lower ability to rally and shut

down the stress response (Lu et al., 2012; Stetler & Miller, 2011). However, more

work is needed to advance our understanding of the coordination between neural and
neuroendocrine systems. Research incorporating multiple-level analysis approaches will
enhance understanding of how stress responses across multiple systems are orchestrated
within the context of adaptive and maladaptive functioning. This knowledge will be critical
when planning potential interventions.

Patients with depression show abnormal patterns of hypothalamic pituitary adrenal (HPA)
axis stress reactivity and recovery. Cortisol, a neurohormonal index of the HPA axis cascade,
is secreted in response to stress. In healthy individuals, cortisol levels increase in response to
stress followed by a rapid decrease in cortisol (i.e., recovery) when the threat is withdrawn.
In individuals with depression, however, response to stress is associated with 1) a flat
cortisol secretion pattern, and 2) higher cortisol levels during the recovery phase (Burke et
al., 2005; Zorn et al., 2017). Non-suicidal self-injury (NSSI), a behavior common among
adolescents with depression, is associated with a unique pattern of blunted HPA axis
functioning (Klimes-Dougan et al., 2019). These patterns suggest an association between
depression, difficulty engaging the HPA axis stress response, and dysfunction in the negative
feedback loop that turns off the HPA axis stress response once the stressor ends.

Dysfunction in frontolimbic neurocircuitry, a circuit critical for threat detection and stress
response modulation, has been shown in depression. The amygdala, a part of the limbic
system, is implicated in bottom-up salience-driven emotion processing and the activation

of the stress response, including the release of glucocorticoids (Arnsten, 2009; Radley et

al., 2015; Roozendaal et al., 2002). Depression is associated with amygdala hyperactivity
(Suslow et al., 2010; Victor et al., 2010). Amygdala volume, metabolism, and activation to
emotional stimuli have all shown to positively correlate with cortisol levels in depression
(Drevets et al., 2002; Klimes-Dougan et al., 2014), similarly to in healthy controls (Root
etal., 2009; van Stegeren et al., 2007). Positive associations between cortisol levels and
amygdala activation to emotional stimuli may represent joint activation of the fight-or-flight
response, which may be excessive in depression and lead to a chronic state of stress.
Despite evidence of an association between cortisol and amygdala activation, we have yet to
explore how cortisol may relate to amygdala connectivity profiles, providing a more nuanced
understanding of the potential role of regulatory circuits.

The prefrontal cortex (PFC) plays a role in regulating neuroendocrine, autonomic, and
behavioral stress responses, including HPA axis functioning (Diorio et al., 1993; McKIlveen
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et al., 2015). The medial PFC (mPFC) in particular has been implicated in regulating the
HPA-axis (Diorio et al., 1993). The dorsal mPFC (dmPFC) contributes to the appraisal

and expression of negative emotion and is related to inhibition of the HPA axis (Diorio
etal., 1993; Etkin et al., 2011; Sullivan & Gratton, 2002). The ventral mPFC (vmPFC),
through connections with limbic regions, contributes to the regulation of negative emation
and serves to activate the HPA axis. The mPFC is part of the default mode network (DMN),
a set of brain regions that tend to be more active during rest and that are implicated

in self-reflection (Buckner et al., 2008; Kaiser et al., 2015; Raichle, 2015). The PFC is
often hypoactive in depression (Lee et al., 2008; Snyder, 2013). Cortisol non-suppression
in unmedicated depression has been associated with medial PFC hypometabolism (Aihara
et al., 2007), but healthy individuals have shown mixed patterns (Root et al., 2009; Wang

et al., 2005). Positive associations between cortisol reactivity and PFC activation may
indicate joint activation of the HPA axis and PFC to elicit regulatory mechanisms. Negative
associations, however, may signal that one system may modulate the stress response in the
other (e.g., PFC signaling the HPA axis to stop cortisol release). Those with depression may
have difficulty coordinating PFC and HPA axis functioning to regulate the stress response.

Frontolimbic functional connectivity (FC) patterns have been less thoroughly examined

in relation to HPA axis functioning, an approach which may explain the mixed findings

on the association between cortisol and the frontolimbic circuit. Resting state functional
connectivity (RSFC) permits examination of functional threat system disruption in the
absence of specific threat cues. Connectivity between brain regions can enhance or impair
how efficiently and effectively brain regions coordinate efforts to achieve an appropriate
response, like turning off a stress reaction. The PFC tends to show negative connectivity
with the amygdala (Kim, Loucks, et al., 2011), which may represent emotion regulation
feedback mechanisms through which the PFC downregulates the amygdala (Frank et

al., 2014; Urry et al., 2006). Depressed individuals, however, show reduced frontolimbic
connectivity at rest and during emotional processing whereas healthy controls show

strong PFC-amygdala FC (Anand et al., 2007; Dannlowski et al., 2009). Notably, stress

can dampen PFC-mediated top-down processing and heighten limbic-driven bottom-up
processing of emotionally salient information (Arnsten, 2009; Frank et al., 2014; Price

& Drevets, 2010, 2012). Greater cortisol responses have been associated with greater
frontolimbic resting state functional connectivity (Peters et al., 2019; Quaedflieg et al., 2015;
Thomason et al., 2011). Cortisol release may interact with prefrontal recruitment to regulate
and shut down limbic responses.

Purpose of study

The purpose of this study was to expand on our previous work that examined the interplay
between amygdala activation and structure and HPA axis functioning (Klimes-Dougan et
al., 2014) to examine how frontolimbic RSFC is associated with HPA axis functioning

in adolescents with depression. The relationship between RSFC and cortisol response

has not been previously examined among adolescents with MDD. We focus on RSFC

as an index of the quality of the intrinsic connection between the vmPFC and dmPFC

and the amygdala, which may reflect the capacity to rally and regulate the HPA system.
Because the dmPFC and vmPFC play different roles in stress reactivity and regulation,
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we examined amygdala connectivity with the dmPFC and vmPFC separately to investigate
their unique associations with HPA axis functioning. We hypothesized that healthy controls
would show a positive association between frontolimbic RSFC and HPA axis reactivity,
signifying synchronized up- and downregulation capacities, but patients with MDD would
show a negative association with excessive cortisol being associated with poor connectivity,
signifying dysregulation. Further, because the blunted pattern of HPA reactivity associated
with non-suicidal self-injury (NSSI) among adolescents with MDD may influence the results
(Klimes-Dougan et al., 2019), we also conducted exploratory follow-up analyses to assess
the coordination between RSFC and HPA functioning in adolescents with and without NSSI.

3. Method

3.1 Participants

The sample of participants in the current report consisted of 88 adolescents between 12 and
20 years old (Age: M = 15.95, SD = 2.04; 71.60% female; 69.32% White). Fifty-five met
the criteria for a current diagnosis of MDD and 33 were healthy controls. Healthy controls
had no current or lifetime history of any psychiatric diagnoses. See Table 1 for participant
demographics.

3.2 Procedures

Adolescents were recruited using community postings and through clinics at the University
of Minnesota, Twin Cities (UMN) and the neighboring communities. Inclusion criteria

for the MDD group included a primary diagnosis of MDD. Inclusion criteria for the HC
group included absence of any DSM-IV Axis | diagnosis. For exploratory analyses on
NSSI groups, inclusion criteria for the MDD/NSSI group included a diagnosis of MDD
and endorsement of any lifetime self-injurious behavior and inclusion criteria for the
MDD/noNSSI group included a diagnosis of MDD and no lifetime self-injurious behavior.
Exclusion criteria for both groups included current or past diagnoses of bipolar disorder,
schizophrenia, a neurological disorder, pervasive developmental disorder, or a chronic or
serious medical condition, or an 1Q under 80 based on the Wechsler Abbreviated Scale of
Intelligence (Wechsler, 1999).

All participants completed informed consent and/or assent (if under 18-years-old) and
received compensation. Participants completed up to three study visits that involved 1.
diagnostic interviews, neurocognitive assessments, and intelligence assessments, 2. an acute
stressor paradigm (the Trier Social Stress Test; TSST), and 3. MRI scanning. We included
participants who completed the TSST and had a complete set of usable structural and resting
state functional MRI data (see Klimes-Dougan et al., 2014 for more detail). This study was
approved by the Institutional Review Board at the University of Minnesota.

3.3 Measures

3.3.1 Psychiatric diagnoses and symptoms.—The Kiddie Schedule for Affective
Disorders and Schizophrenia-Present and Lifetime Version (KSADS-PL; Kaufman et al.,
1997), a semi-structured diagnostic interview, was used to diagnose Axis | disorders
based on the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text
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Revision (DSM-IV-TR; American Psychiatric Association, 2000). We used the KSADS-

PL to determine MDD status as well as medication use and the presence of NSSI.

Trained clinical psychologists, child psychiatrists, or advanced clinical psychology doctoral
students supervised by a senior clinician conducted independent KSADS-PL interviews with
participants and a legal guardian if the participant was under 18 years of age. If both a
parent and child interview were conducted, consensus was established between child and
parent reports to determine diagnoses. We established interrater reliability among KSADS-
PL evaluators based on ratings for four training tapes. There was 100% agreement for
depression diagnoses, 84.63% for depression symptoms, and 96% agreement for screening
symptoms for all other psychiatric diagnoses.

At each study visit, participants completed the Beck Depression Inventory Il (BDI), an
18-item self-report questionnaire measuring depression symptoms on a 4-point Likert scale,
with higher scores reflecting more severe depressive symptoms (Beck et al., 1996). The BDI
has well-established reliability and validity (Osman et al., 2004). We computed an overall
BDI total score for each participant by averaging the total scores of all completed BDlIs.

3.3.2 Estimated 1Q.—We estimated 1Q based on performance on the vocabulary and
matrix reasoning subtests of the Wechsler Abbreviated Scale of Intelligence (WASI;
Wechsler, 1999). The WASI has been shown to be valid and reliable (Axelrod, 2002; Hays et
al., 2002).

3.4 Neuroimaging

3.4.1 MRI Data Acquisition.—We acquired MRI data using a 12-channel receive only
head coil supplied by Siemens on the 3T TIM Trio scanner at the Center for Magnetic
Resonance Research at the UMN. A T1 weighted MP-RAGE scan and a six-minute, eyes-
open resting state functional MRI (rsfMRI) scan along with a field map acquisition were
acquired for each subject. The scan parameters for the T1 weighted MP-RAGE scan include
TR=2530ms; TE=1100ms; TI1=1100ms, voxel size=1mm isotropic. The rsfMRI scan used an
echo planar imaging (EPI) whole brain acquisition with TR = 2000ms; TE = 30ms; voxel
size 3.43x3.43x4mm; 34 slices; 180 volumes. The EPI sequence was modified to record the
time courses from the Siemens supplied respiratory bellows and pulse oximetry monitors
during fMRI scan. The field map scan had voxel parameters which matched the rsfMRI
acquisition. See Cullen et al. (2014) for more details.

3.4.2 MRI Data Preprocessing.—FreeSurfer version 5.3.0 (https://
surfer.nmr.mgh.harvard.edu/) was applied to the T1 weighted scan for each subject.

Tools from the FMRIB software library (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) and custom
MATLAB tools were used for fMRI image processing. Initial preprocessing steps included
brain extraction, motion correction, denoising procedure using the RETROICOR (Glover

et al., 2000) algorithm applied to the respiration and pulse oximetry traces, geometric
distortion caused by magnetic field inhomogeneity using the field map, and regression of
eight nuisance variables: white matter time series and cerebral spinal fluid time series (ROls
from the FreeSurfer parcellation), and the six time series generated in the motion correction
(from FSL MCFLIRT) as parameters. Data scrubbing was then performed following Power
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and colleagues (Power et al., 2012). An average of 11.75 volumes were rejected (SD =
14.44; range; 0 to 56). Global signal regression was not applied given concerns about
inducing erroneous negative correlations (Murphy et al., 2009; Murphy & Fox, 2017; Power
et al., 2012; Satterthwaite et al., 2012). See Cullen et al. (2014) for more details.

3.4.2 RSFC Analysis.—Using a seed-based, whole-brain approach, FreeSurfer-based
and subject-specific right and left amygdala ROIs were registered to the pre-processed
rsfMRI data, and average time series of voxels in these regions were extracted after spatially
smoothing (5mm kernel), prewhitening, and registration to standard space (MNI 152). See
Cullen et al. (2014) for more details. Masks of the dmPFC (“superior frontal gyrus™)

and vmPFC (“frontal medial cortex™) were created using FSL’s Harvard-Oxford Cortical
Structural Atlas. Mean z-scores were extracted from individual amygdala RSFC maps using
separate dmPFC and vmPFC masks.

3.5 Assessment and Analysis of HPA Axis Functioning

Trier Social Stress Test (TSST).—We assessed salivary cortisol in the context of a
modified version of the TSST, which participants completed in the afternoon (Mean =
14:51:40; range = 12:51:00 to 16:28:00) on a separate visit from the MRI scan. The TSST
was administered at the second study visit so that participants could become familiar with
the testing site at the first visit. Participants began the TSST upon arrival. Participants
were given 5 minutes to prepare a 5-minute speech to describe themselves as though they
were applying for a job. Participants were then taken to a room to deliver the speech

to two confederates dressed in white lab coats. The participant was provided with a
microphone and speeches were video recorded. The confederates maintained a neutral
expression and provided minimal feedback during the speech. Following the speech, the
participants completed a 5-minute serial subtraction task with corrective feedback which was
also performed in front of the confederates. Participants were debriefed after the task.

Five salivary samples were collected across the task: before speech preparation (time point
A; 0 min), after the TSST was completed (time point B; 20 min), at 35 min (time point C), at
50 min (time point D), and at 65 min (time point E). Labeled samples were stored in a =25
degree Celsius freezer and were shipped to Universitét Trier in Trier, Germany, for analysis
using assay methods consistent with Dressenddrfer et al (1992). Cortisol values were
winsorized to be within three standard deviations of the mean. Variables of interest included:
area under the curve with respect to increase (AUCI) and ground (AUCg; Pruessner et al.,
2003) as well as the peak cortisol value (“Highest”; Klimes-Dougan et al., 2018; Vajravelu
et al., 2015). While they were correlated (AUCg and Highest: r= .87, p<.001; AUCg and
AUCI: r=.30, p=.004; and AUCi and Highest: r= .25, p=.02), these three values provide
slightly different indexes of cortisol; these three variables characterize the overall pattern of
cortisol response to a stressor over time (AUCQ), the increase in cortisol to a stressor over
time relative to pre-task cortisol levels (AUCI), and the peak amount of cortisol secretion
across the TSST paradigm (Highest).

Psychoneuroendocrinology. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thai et al. Page 7

3.6 Statistical Analyses

R Statistical Software was used to conduct analyses (R Core Team, 2013). Multiple linear
regression models were run predicting HPA axis functioning from group (HC or MDD),
amygdala and mPFC RSFC (vmPFC and dmPFC separately), and their interaction. RSFC
values were mean-centered. For the main analyses, we applied the Bonferroni correction
to correct for multiple comparisons (right and left amygdala, dmPFC and vmPFC, AUCg,
AUCI, and highest cortisol level) for an adjusted p-value of .004. A series of follow-up
analyses were conducted given different patterns of HPA axis functioning in adolescents
with MDD with versus without a history of self-injury (Klimes-Dougan et al., 2019).
These analyses were conducted using subsamples of the MDD groups with (MDD/NSSI)
and without non-suicidal self-injury (MDD/noNSSI). We report findings with uncorrected
p-values that were significant or marginally significant in the Results section and tables.
Because time of day has shown to affect reactivity to the TSST (Goodman et al., 2017)
and there are also significant sex effects in HPA axis responses to the TSST (Zorn et al.,
2017) as well as sex differences in mPFC involvement with the HPA axis (Buchanan et
al., 2010), we ran supplementary models controlling for time of cortisol collection and sex
in our analyses. The patterns of results remained the same in models including time or
gender (see supplementary materials). Follow-up analyses were conducted with medicated
and unmedicated subsamples of the MDD group to determine whether results were related
to antidepressant medication usage. Both MDD groups with and without medication showed
the same pattern of results (see supplementary materials).

4. Results

4.1 Demographics and Descriptive Results

There were no significant differences between the MDD and HC group in age, sex, or 1Q (all
p's >.14; See Table 1). As expected, self-reported depressive symptoms on the BDI were
higher in the MDD than HC, £86) = 9.84, p< .001. No group differences were found with
HPA axis functioning or with frontolimbic connectivity when analyzed separately. There
were also no significant differences in TSST start time or in wake time. See Table 2 for more
details.

4.2 MDD and Amygdala and Dorsal and Ventral Medial Prefrontal Cortex Resting State
Connectivity and Cortisol Levels to the TSST

vmPFC.—The models for the R amygdala - vmPFC RSFC and group did not significantly
predict AUGg, AUCI or Highest cortisol. The interaction between L amygdala - vmPFC
RSFC and group predicted Highest cortisol, A3, 84) = 2.79, p< .05 (See Figure 3 and Table
3). For HC, every 1 unit increase in L amygdala and mPFC RSFC was associated with a

.15 increase in Highest. For MDD, every 1 unit increase in L amygdala and mPFC RSFC
was associated with a .03 decrease in Highest. The group by RSFC interaction improved

the model compared to the model without the interaction, A2, 85) =7.12, p=.01. The
interaction between L amygdala - vmPFC RSFC and group predicted AUCg in the same
direction as Highest cortisol but the overall model was only marginally significant, Rzadj =
.04, A3, 84) = 2.25, p=.09 (see Table 3). The model for AUCi was not significant.
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dmPFC.—For the R amygdala - dmPFC RSFC, there was a trend toward an interaction
between RSFC and group predicting AUCg (A3, 84) = 2.78, p< .05) and Highest
cortisol (A3, 84) = 2.12, p=.10) for the TSST (see Table 3). The model for AUCi was
not significant. For the L amygdala - dmPFC RSFC analyses, none of the models were
significant.

4.3 Followup Analyses for NSSI subgroups and Amygdala and Medial Prefrontal Cortex
Resting State Connectivity and Cortisol Levels to the TSST

NSSI.—There were no significant differences between the subgroups of MDD, MDD/NSSI,
MDD/noNSSI, and HC groups in age, sex, or 1Q, (all p’s > .24). There were no significant
group differences in HPA axis functioning or in RSFC, p’s > 17. The MDD/noNSSI and
MDD/NSSI groups did not differ in depression scores, p >.05.

vmPFC.—The models for the R amygdala - vmPFC RSFC and subgroup (HC, MDD/NSSI
and MDD/noNSSI) did not significantly predict AUGg, AUCIi or Highest cortisol. The
interaction between L amygdala - vmPFC RSFC and subgroup marginally predicted Highest
cortisol, A5, 82) =2.00, p=.09 (See Figure 2 and Table 3). For HC, every 1 unit increase

in L amygdala and vmPFC RSFC was associated with a .15 increase in Highest. For MDD/
noNSSI, every 1 unit increase in L amygdala and vmPFC RSFC was associated with a

.01 decrease in Highest. For MDD/NSSI, every 1 unit increase in L amygdala and vmPFC
RSFC was associated with a .07 decrease in Highest. The group by RSFC interaction
significantly improved the model compared to the model without the interaction, A2, 82)
=4.02, p=.02. These patterns were in the same direction as the previously reported L
amygdala finding for the two-group comparison, but the negative association between RSFC
and HPA axis functioning were more pronounced for the MDD/NSSI group. There was no
significant interaction for AUCg or AUCi.

dmPFC.—The interaction between R amygdala — dmPFC RSFC and subgroups (HC,
MDD/NSSI, and MDD/noNSSI) predicted AUCg, A5, 82) = 2.45, p=0.04 (see Figure 3
and Table 3). For HC, every 1 unit increase in R amygdala and dmPFC RSFC was associated
with a 1.71 decrease in AUCg. For MDD/noNSSI, every 1 unit increase in R amygdala

and dmPFC RSFC was associated with a 12.78 decrease in AUCg. For the MDD/NSSI
group, every 1 unit increase in R amygdala and dmPFC RSFC was associated with a 1.65
decrease in AUCg. The group by RSFC interaction marginally improved the model, A2,

82) = 2.33, p=.10. The models for AUCi and highest were not significant. These patterns
were in the same direction as the R amygdala finding for the two-group comparison for the
MDD/noNSSI group, but the MDD/NSSI group did not differ from HC. For the L amygdala
- dmPFC RSFC analyses, none of the models were significant.

5. Discussion

There is mounting evidence of disruptions in neural and neuroendocrine functioning

in adolescents diagnosed with depression. Multilevel analytic approaches are needed to
advance our understanding of the coordination between the brain and the body within the
context of stress activation and regulation. This study examined the relationship between
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key neural and neuroendocrine patterns in adolescents with and without MDD. Despite

the evidence that there are no significant differences in frontolimbic connectivity or
neuroendocrine functioning between the groups, the pattern of coordination across systems
differs with healthy controls displaying positive and adolescents with MDD displaying
minimal or a negative correspondence between resting frontolimbic connectivity and cortisol
levels in the context of the TSST. In terms of reactivity, the vmPFC RSFC generally showed
stronger group differences in associations with AUCg and Highest cortisol levels compared
to the dmPFC, although findings were not significant for the dmPFC. Results suggest that
patterns were stronger when accounting for NSSI.

This is the first study that has examined the coordination between neural connectivity

and neuroendocrine systems within the context of adolescent depression. Although both
groups show some coordination between neural and neuroendocrine stress systems, they
show opposing relationships. Efficient systems for processing threats in our environment
would involve good regulatory control over limbic regions, so that appropriate appraisal and
resource allocation takes place, at times implicating rallying metabolic resources, including
the HPA axis system. Our results provide support for this prediction. Greater intrinsic ventral
frontolimbic connections being related to greater cortisol reactivity in healthy controls
suggests intact regulatory processes and coordinated upregulation and downregulation of
these two biological systems in response to stress. The HPA axis may release high levels of
cortisol in response to a stressor to rally resources, trusting that feedforward amygdala to
vmPFC connectivity will cue the vmPFC to appropriately downregulate the amygdala and
HPA axis as needed once the stressor has passed. Frontolimbic connectivity in the context of
this recovery period rather than at rest likely would be more aptly suited to investigate this
hypothesis.

In contrast, patients with MDD show a minimal or negative association between neural

and HPA stress systems, possibly reflecting an attenuated association between intrinsic
connections in the amygdala to vmPFC emotion regulation brain circuit and cortisol
reactivity. Weak coordination between these two stress systems may make it harder to
engage regulation processes in response to stressors, resulting in perseverative negative
emotions or rumination that are strong contributors to depression (Fried & Nesse, 2015).
Notably, the DMN, which encompasses the mPFC, is implicated in rumination (Hamilton et
al., 2015). This may contribute to the high cortisol levels during the recovery period found
in depression because the vmPFC is not operating to downregulate this stress response. The
extent to which this pattern extends to other regulatory contexts is not clear. Peters et al.
(2019) found the opposite relationship with the dmPFC, finding that greater baseline cortisol
is associated with greater positive amygdala connectivity with the dmPFC, in an older
sample (21 to 30 years of age) with remitted depression. Not only do these studies differ
with regard to task demands (baseline versus TSST cortisol), the results may be related

to developmental changes in connectivity with adolescents showing inverted relationships
when compared with young adults (Burkhouse et al., 2019). Dysregulated HPA functioning
has shown to impact the development of brain circuits. In females with early life stress,
greater childhood afternoon basal cortisol levels predicted heightened negative amygdala-
vmPFC RSFC in adolescence (Burghy et al., 2012). Similarly, allostatic overload of the
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HPA axis may prompt early maturation of frontolimbic connectivity (Gee et al., 2013) and a
compensatory overreliance on frontolimbic pathways to regulate feelings of stress in MDD.

Findings were specific to AUCg and highest cortisol levels and not with AUCi. AUCg and
highest are influenced by both basal cortisol levels and reactivity to a stressor whereas AUCI
is specific to cortisol level increase to a stressor. Significant associations may have only been
found with AUCg and highest in this study because RSFC and cortisol were not assessed
simultaneously. Real-time engagement of the frontolimbic circuit during a stressor may be
more isolated to cortisol reactivity. RSFC, in contrast, as a correlation between the activity
patterns of different brain regions at rest, can be thought to reflect inherent networks or

the quality of a communication pathway. Greater frontolimbic RSFC may enable quicker
regulatory feedback processes from the mPFC in response to feedforward amygdala activity.
These pathways likely affect basal cortisol levels and cortisol levels in response to stress. As
such, RSFC should be related to basal cortisol and cortisol reactivity (reflected in AUCQ)
whereas other neural metrics, like brain activation or task-based connectivity, may be more
specific to cortisol reactivity as indexed by AUCI.

Exploratory analyses on NSSI and RSFC predicting cortisol levels within the MDD group
largely showed a similar negative association between frontolimbic RSFC and TSST cortisol
levels (AUCg and highest) in the MDD and MDD/NSSI groups for the vmPFC. The MDD/
NSSI group showed a numerically stronger negative association between RSFC and cortisol.
For the dmPFC, however, the MDD/NSSI group did not differ from healthy controls in

the relationship between RSFC and cortisol reactivity whereas the MDD group showed

a negative correspondence between RSFC and cortisol reactivity. NSSI may uniquely
involve abnormal coordination between the HPA axis and amygdala connectivity with

the vmPFC but not the dmPFC. Given the vmPFC’s role in emotion regulation, this

inverse coordination between vmPFC connectivity and the HPA axis may interfere with

the success of coping strategies to stress, resulting in reliance on less adaptive coping
strategies, like self-injury. On one hand, negative connectivity being associated with greater
cortisol reactivity may be driven by excessive amygdala feedforward activity, indicating an
excessive joint interoceptive signal of stress that may maintain negative mood (Cicchetti

& Dawson, 2002). On the other hand, positive connectivity being associated with lower
cortisol reactivity may suggest that excessive recruitment of the vmPFC by the amygdala
interferes with HPA system recruitment efficiency and successful rallying of the HPA axis
in response to social stress. Patients with MDD with and without NSSI may expend a

lot of time and effort regulating negative emotions to compensate for emotion regulation
difficulties. This “overuse” of the amygdala-vmPFC pathway may disrupt connections with
the HPA axis, leaving the HPA axis less attuned to potential signaling from the frontolimbic
circuit. Inverse associations in depression may also reflect an adaptive response in one
system but dysfunction in the other and may contribute to emotional numbing as neural and
neuroendocrine systems are not jointly signaling affect. This numbing is a commonly cited
reason for engaging in self-harm (Edmondson et al., 2016). See Klimes-Dougan (2019) for
further discussion.

These findings should be considered in the context of the study limitations. While this
sample was considerably larger than most studies considering coordination across neural
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and neuroendocrine systems, it still had a relatively limited sample size, particularly for
evaluating interaction effects and secondary analyses with the NSSI subgroup. Given that
our results did not survive our conservative correction for multiple comparisons, these
results should be replicated in larger samples to better understand the relationships between
HPA axis and brain functioning in samples with and without depression. Given a polythetic
approach to the diagnosis of depression, there is considerable heterogeneity across these
youth. Meaningful subgroups may exist. Here we have considered depressed adolescents
who do or do not engage in NSSI as one subgroup, but there are likely additional
considerations, such as comorbid anxiety, which also affects frontolimbic connectivity

and HPA axis functioning (Kim, Gee, et al., 2011; Vreeburg et al., 2010). Although we
conducted analyses to look at the interaction between RSFC and NSSI status to predict HPA
axis functioning, our NSSI group were all adolescents diagnosed with MDD. Additional
characteristics should be attended to in future research given that NSSI is not a behavior
limited to MDD. Also, NSSI may include vastly different levels of frequency and severity
across individuals. Although we covered a broad span of adolescence (12 to 20), a wider age
range should be examined in the future using longitudinal designs to fully understand the
relationship between these systems as the prefrontal cortex continues to develop up to age
25 (Arain et al., 2013). The associations between fully developed stress systems may differ
from those still undergoing development. Likewise, longitudinal designs covering the course
of depression and recovery will also inform how poor coordination across these systems

can either increase risk for depression or follow the development of depression and whether
treatment can normalize coordination across these systems.

This study focused on amygdala to medial prefrontal cortex connectivity. Although the
frontolimbic circuit is critical for the experience of negative emations, like stress, and
emotion regulation, future studies should also examine connectivity of other limbic regions,
like the hypothalamus, the bed nucleus of the stria terminalis, hippocampus, insula and other
regions implicated in HPA functioning. Furthermore, we chose to include multiple nuanced
measures of HPA axis response to fully contextualize the TSST and to provide a basis set
for future studies; we do note however, the high correlation between Highest and AUCg (r

= .87, R% = .76) suggests only a small amount of variance unique to each measure. Even
within these statistical limitations, there are indeed, subtle differences in relations of these
TSST measures with rsfMRI that can be pursued in future work. Paired t-tests revealed a
significant difference between the pre-task TSST cortisol sample (M= .20, SD = .18) and

an at-home control cortisol sample taken at approximately the same time as the TSST (M
=.29, SD=.23), {52) = 2.52, p = .02 (data that was available for a subset of the sample),
thus suggesting that participants may have already been showing less activation of the HPA
axis at the onset of the TSST. It remains unclear if indexes of HPA axis activation might
generalize to contexts outside of the laboratory (particularly for AUCI). Moreover, our MRI
and TSST visits occurred on separate days and thus reflected general interplay across system
functioning that was not time-linked. Future research could advance these findings by
examining cortisol reactivity to a social stressor in the context of an MRI scan to specifically
understand how changes in frontolimbic connectivity before and after a stressor correspond
with changes in HPA axis functioning. Psychosocial stress MRI paradigms exist (e.g., MIST;
Dedovic et al., 2005), but challenges exist (e.g., relatively lower stress activation). Ideally,
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this approach would allow for more targeted investigations into the interplay between neural
and neuroendocrine systems during stress activation and recovery. It is possible that a better
estimate of RSFC could have clarified our findings. Our RSFC MRI sequence is relatively
short (6 minutes) compared to current recommendations. Although RSFC MRI sequences
as short as 5 minutes have been found to be reliable (Van Dijk et al., 2010), longer RSFC
MRI sequences should be used in the future for maximally reliable RSFC measures (Birn
etal., 2013; Noble et al., 2019; Zuo & Xing, 2014). We note that on average only about

7% of data was scrubbed because of movement, which is a very modest amount, while
acknowledging that a few participants had a higher percentage of images scrubbed (e.g., up
to 31%). There were no significant correlations between number of censored images and
any TSST measures, precluding that our results were unduly influenced by movement or for
corrections thereof. Further, although we focused on RSFC interplay with cortisol reactivity,
RSFC interplay with cortisol recovery is also important to examine for a more complete
understanding of stress system functioning. See supplementary materials for exploratory
analyses on cortisol recovery. RSFC interplay with cortisol recovery across a longer interval
of time with more frequent assessments of the recovery response should be explored more in
depth in future work.

Findings of this study have important implications for the treatment and prevention

of depression. Stress system abnormalities do not always resolve with remission from
depression and may even precede the onset of a major depressive episode (Grynderup

et al., 2013; Morris et al., 2014). Therefore, stress system dysfunction may be a risk

factor for the development of depression and may contribute to the high relapse rates in
depression. As such, stress system functioning may need to be a specific treatment target
in order to facilitate remission and to prevent relapse. For example, those with depression
may benefit from bio- or neurofeedback so they can become more attuned with their

stress response and learn how to downregulate amygdala hyperactivity or hypercortisolemia
when a stressor has concluded as well as coordinate the functioning of these two systems
(Barreiros et al., 2019; Hamilton et al., 2016). Additionally, stress regulation techniques,
such as mindfulness-based therapies (Kilpatrick et al., 2011), may provide individuals with
depression tools they lack to jointly inhibit these stress systems as a whole. Both neural
connectivity and cortisol reactivity patterns have also shown to predict treatment response
to antidepressant medications (Klimes-Dougan et al., 2018), so these different patterns

of interplay may also be relevant in determining personalized algorithms of treatment
assignment (Gunlicks-Stoessel et al., 2020).

6. Conclusions

In conclusion, this study underscores the importance of using multiple levels of analysis

to understand stress system functioning. Although the groups largely did not differ in
frontolimbic RSFC or HPA functioning, patients with depression and healthy controls
showed different patterns of coordination between RSFC and HPA functioning. The results
add to the literature showing different patterns of interplay between neuroendocrine stress
response and connectivity of the frontolimbic circuitry for youth with and without MDD.
The minimal or inverse associations in patients with MDD may reflect poor coordination or
a compensatory response that may have implications for treatment.
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Highlights

. Frontolimbic connectivity under psychosocial stress associates with cortisol
levels.

. Patterns of associations differ in adolescents with and without depression.

. Positive correspondence in healthy controls suggests coordination across
systems.

. Negative correspondence in depressed youth suggests poor coordination
across systems.

. Multilevel approaches are critical for understanding stress system functioning.
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Diagnosis
___ Healthy

Control
— MDD

L Amygdala and vmPFC RSFC Predicting TSST Highest Cortisol. Note. MDD = major
depressive disorder; TSST = Trier Social Stress Test; vmPFC = ventral medial prefrontal
cortex; RSFC = resting state functional connectivity; RSFC are z values centered at the
mean. The interaction between L amygdala - vmPFC RSFC and group predicted highest
cortisol with the healthy control group showing a positive relationship and the MDD group
showing a negative relationship.
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Fig. 2.

L ?Amygdala and vmPFC RSFC Predicting TSST Highest for NSSI Subgroups. Note.

NSSI = nonsuicidal self-injury; MDD = major depressive disorder without NSSI; TSST

= Trier Social Stress Test; vmPFC = ventral medial prefrontal cortex; RSFC = resting state
functional connectivity; RSFC are z values centered at the mean. The interaction between R
amygdala - mPFC RSFC and group predicted AUCg with the healthy control group showing
a positive relationship and the MDD/noNSSI and MDD/NSSI groups showing a negative
relationship.
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Fig. 3.

R?Amygdala and dmPFC RSFC Predicting TSST AUCg for NSSI Subgroups. Note. MDD =
major depressive disorder; NSSI = nonsuicidal self-injury; TSST = Trier Social Stress Test;
AUCqg = area under the curve with respect to ground; dmPFC = dorsal medial prefrontal
cortex; RSFC = resting state functional connectivity; RSFC are z values centered at the
mean. The interaction between R amygdala - dmPFC RSFC and group predicted AUCg
with the healthy control group showing a positive relationship and the MDD/noNSSI and
MDD/NSSI groups showing a negative relationship.
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Demographics

Table 1

Healthy control MDD Comparisons
N 33 55
Sex
% Female 66.70% 74.50% X2(2) = .63, p= .42
N 22F 11 M 41F 14 M
Age
M (SD) 16.04 (2.20) 15.90 (1.96) A1, 86) = .09, p=76
Range 12.30-19.80 12.30 - 20.00
1Q
M (SD) 109.48 (12.06)  108.16 (14.88) A1, 86) =.19, p= .67
Range 83-134 80 - 140
Race
White 63.60% 72.70% X%(2) = .80, p=.37
Minority Status 36.40% 27.30%
Black/African American  3.0% 10.90%
Asian American 9.10% 0.00%
Native American 3.00% 1.80%
Other 21.20% 14.50%
Medication Status #
% Medicated 0% 23.64%
N 0 medicated 13 medicated
NSSI
% NSSI 0% 58.18%
N 0 NSSI 32 NSslI
BDI
M (SD) 2.60 (3.23) 2410 (12.27)  £86) =9.84, p<.001
Range 0.0-16.0 .67 -52.33
Note.

s L . .
Medication status is based on antidepressant usage

MDD = major depressive disorder; NSSI = nonsuicidal self-injury; BDI = Beck Depression Inventory.
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HPA Axis Functioning and Frontolimbic Connectivity

Table 2

Healthy control MDD Comparisons

TSST Start Time
M (SD) 15:01(1:11) 14:45 (1:13) 486) = .99, p=.32
Range 12:51 -16:14 13:00 - 16:28

TSST AUCg
M (SD) 18.09 (11.65) 20.29 (12.68)  4(86) = .82, p=.42
Range 1.74-42.38 2.30-53.48

TSST AUCI
M (SD) 3.16 (9.70) .92 (13.45) 86) = .83, p= .41
Range -26.83-20.19 —-32.23-40.36

TSST Highest
M (SD) 42 (.25) 44 (.25) £(86) = .40, p= .69
Range .03 -1.00 .04 - .94

L Amygdala-vmPFC RSFC
M (SD) .30 (.80) .39 (.78) 486) = 51, p= .61
Range -1.23-3.04 -1.34-2.23

R Amygdala-vmPFC RSFC
M (SD) 42 (.74) .33 (.90) 1(86) = .45, p= .65
Range -1.23-2.26 -1.66 - 2.95

L Amygdala-dmPFC RSFC
M (SD) .09 (.50) .07 (.50) 486) = .24, p= .81
Range -1.07-.92 -.94-1.03

R Amygdala-dmPFC RSFC
M (SD) .06 (.59) .04 (.50) 1(86) = .13, p= .90
Range -1.32-1.23 -1.18-1.10

Note. MDD = major depressive disorder, TSST = Trier Social Stress Test; AUCg = area under the curve with respect to ground; AUCI = area
under the curve with respect to increase; vmPFC = ventral medial prefrontal cortex; dmPFC = dorsal medial prefrontal cortex; RSFC = resting state

functional connectivity (values indicate z values)
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Table 3
Summary of Multiple Regression Models
AUCg Highest
Variable B SE  pvalue B SE pvalue

L Amygdala-vmPFC RSFC predicting TSST for MDD
L Amygdala-vmPFC RSFC 6.20 265 go* .15 05 1%
Diagnosis 1.92 265 .47 .02 .05 .78
L Amygdala-vmPFC x MDD -7.80 337 2% -18 07 1%
Adjusted R2 .04 .06

R amygdala-dmPFC RSFC predicting TSST for MDD
R amygdala-dmPFC RSFC -1.71 355 .63 .01 07 .85
Diagnosis 2.14 263 42 .02 .05 .70
R amygdala-dmPFC x MDD -721 483 .14 -18 .10 .07
Adjusted R2 .06 .04

L amygdala-vmPFC RSFC predicting TSST for NSSI
L amygdala-vmPFC RSFC A5 05 g1 *
MDD/noNSSI .05 .07 43
MDD/NSSI -02 .06 .78
L amygdala-vmPFC x MDD/noNSSI -16 .08 .05
L amygdala-vmPFC x MDD/NSSI -22 08 1%
Adjusted R2 .05

R amygdala-dmPFC RSFC predicting TSST for NSSI

R amygdala-dmPFC RSFC
MDD/noNSSI

MDD/NSSI

R amygdala-dmPFC x MDD/noNSSI
R amygdala-dmPFC x MDD/NSSI
Adjusted A2

-1.71
3.59
.38
-11.07

0.06

3.52
3.23
2.95
5.50

6.31
.08

.63
.27
.90

.05
.99

*

Note. MDD = major depressive disorder; NSSI = nonsuicidal self-injury; TSST = Trier Social Stress Test; AUCg = area under the curve
with respect to ground; vmPFC = ventral medial prefrontal cortex; dmPFC = dorsal medial prefrontal cortex; RSFC = resting state functional
connectivity; RSFC are z values centered at the mean. The reference group is the healthy control group.

*
indicates p< .05.
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