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Objective: Preclinical work suggests that excess glucocor-
ticoids and reduced cortical y-aminobutyric acid (GABA) may
affect sex-dependent differences in brain regions implicated
in stress regulation and depressive phenotypes. The authors
sought to address a critical gap in knowledge, namely, how
stress circuitry is functionally affected by glucocorticoids and
GABA in current or remitted major depressive disorder (MDD).

Methods: Multimodal imaging data were collected from
130 young adults (ages 18—-25), of whom 44 had current MDD,
42 had remitted MDD, and 44 were healthy comparison
subjects. GABA+ (y-aminobutyric acid and macromolecules)
was assessed using magnetic resonance spectroscopy, and
task-related functional MRI data were collected under acute
stress and analyzed using data-driven network modeling.

Results: Across modalities, trait-related abnormalities emerged.
Relative to healthy comparison subjects, both clinical groups
were characterized by lower rostral anterior cingulate cortex
(rACC) GABA+ and frontoparietal network amplitude but
higher amplitude in salience and stress-related networks. For

Up to 80% of first major depressive episodes are preceded by
major life stressors (1), highlighting the importance of un-
derstanding how stress impacts brain processes and circuits
affected in major depressive disorder (MDD). Acute stress
triggers bottom-up and top-down regulatory brain circuits
(2). Specifically, perturbations to homeostasis activate the
hypothalamic-pituitary-adrenal (HPA) axis and autonomic
nervous system, resulting in the secretion of corticotropin
and subsequently cortisol from the adrenal glands. In healthy

the remitted MDD group, differences from the healthy com-
parison group emerged in the context of elevated cortisol
levels, whereas the MDD group had lower cortisol levels than
the healthy comparison group. In the comparison group,
frontoparietal and stress-related network connectivity was
positively associated with cortisol level (highlighting putative
top-down regulation of stress), but the opposite relationship
emerged in the MDD and remitted MDD groups. Finally, rACC
GABA+ was associated with stress-induced changes in con-
nectivity between overlapping default mode and salience
networks.

Conclusions: Lifetime MDD was characterized by reduced
rACC GABA+ as well as dysregulated cortisol-related in-
teractions between top-down control (frontoparietal) and
threat (task-related) networks. These findings warrant fur-
ther investigation of the role of GABA in the vulnerability to
and treatment of MDD.
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responses to stress, cortisol secretion is associated with
limbic system deactivation (3) by means of top-down control
processes subserved by the prefrontal cortex (4). This
adaptive response is weakened in individuals with MDD, as
manifested in reduced top-down control from frontal re-
gions and exaggerated bottom-up threat signaling (5). Such
interplay between cortical and limbic regions in stress cir-
cuitry calls for a network approach to investigations of acute
stress. In this context, functional MRI (fMRI) combined with
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independent component analysis—an unsupervised machine
learning technique that identifies functional networks and
network modeling to assess their interactions—appears
particularly suited.

Menon’s triple network model (6) identifies functional
networks important for understanding process dysfunction in
psychopathology (7). These include the frontoparietal control
network (FPN), implicated in top-down cognitive control and
regulation; the default mode network (DMN)), critical for self-
referential processes; and the salience network (SN), associ-
ated with the detection and evaluation of salient exteroceptive
and interoceptive inputs. In healthy individuals, the FPN and
SN increase activation during stimulus-driven cognitive and
affective processing, and the DMN is associated with inter-
nally oriented thoughts and deactivates during tasks (8). In
MDD, studies have shown increased DMN activation, asso-
ciated with increased rumination (7), and decreased ability to
deactivate the DMN during task conditions. Reduced FPN
activation is also a key feature of MDD (9), with weakened top-
down control over threat responses from limbic regions and
maladaptive SN evaluation, resulting in ineffective engage-
ment of the FPN and DMN (10). Further evidence highlights
lower FPN-DMN connectivity and higher DMN-SN con-
nectivity (10) in MDD, which may be associated with in-
creased evaluation of self-referential thoughts.

Meta-analyses of responses to various task-based and
physiological stressors in healthy individuals in fMRI and
positron emission tomography studies implicate increases in
activation in regions such as the prefrontal cortex, anterior
cingulate cortex (ACC), midcingulate cortex, basal ganglia,
insula, and amygdala and deactivation in the hippocampus
(3,11). Activation in many of these regions has been found to
be negatively associated with steroid hormone responses in
females (12); critically, these regions are all key nodes in the
triple networks. Among healthy adults, increased SN am-
plitude (13) and decreased SN-DMN connectivity after
stress have been described (14). Moreover, among cortisol
responders, increases in amygdala connectivity with the
DMN and medial prefrontal cortex (mPFC) were found (15).
Under acute stress, decreases in amygdala connectivity with
the dorsolateral prefrontal cortex (DLPFC) and ACC, key
nodes of the FPN, have also been reported (16). Potentiated
FPN-SN connectivity is thought to underlie stress recovery,
through top-down control of internal threat evaluation (17).
Collectively, these findings in healthy individuals suggest
that stress (and associated cortisol release) decreases con-
nectivity between limbic and prefrontal circuits, interrupt-
ing top-down control. However, cortisol response to stress is
blunted in MDD (18), particularly in females (19), which may
result in maladaptive responses in stress circuitry, although
this relationship is unexplored. Critically, in individuals with
current or remitted MDD (rMDD), acute stress induction
was found to reduce activation in the ventromedial pre-
frontal cortex (vmPFC) (20). Moreover, in rMDD, stress-
related activation and connectivity of the DLPFC, striatum,
and amygdala emerged (20, 21). Collectively, these findings

640 ajp.psychiatryonline.org

highlight interactions between limbic and cortical stress
circuits that are impaired in a potentially trait-like fashion in
MDD. Given reports of sex differences in this circuitry and
the higher prevalence of MDD in females (22), an under-
standing of potential sex differences in cortisol and related
neural responses to stress could contribute importantly to
the overall understanding of MDD.

Multimodal neuroimaging research indicates that network
activations and connectivity are affected by neuromodulators,
especially inhibitory y-aminobutyric acid (GABA) (23, 24).
Reduced GABA levels have been observed in CSF (25) and
cortical tissues (26) of patients with MDD, and in multiple
brain regions using magnetic resonance spectroscopy (MRS)
in patients with MDD and rMDD (27). Furthermore, recent
findings suggest a negative relationship between DLPFC
GABA+ (y-aminobutyric acid and macromolecules) and
resting-state functional connectivity between the DLPFC
and mPFC in healthy comparison subjects not seen in MDD
(24). We found in previous research that GABA + was reduced
in the rACC in females with MDD but not rMDD (28) and that
GABA+ in this region was positively associated with con-
nectivity between overlapping stress networks. These results
point toward a potential mechanistic role for GABA in en-
abling top-down control that is impaired in MDD. However,
relationships between GABA+ and network connectivity in
the response to stress (and how this is affected by MDD and
sex) are still poorly understood.

To address this gap, we combined multimodal neuro-
imaging with network modeling to assess the effects of acute
stress in young adults with MDD and rMDD and matched
healthy comparison subjects. Participants underwent mul-
timodal imaging, with MRS GABA+ measurement in the
rACC and left DLPFC at rest and fMRI during an acute
stressor (Figure 1), with continuous blood cortisol mea-
surements. We had four hypotheses:

1. Individuals with MDD (compared with healthy com-
parison subjects) would be characterized by reduced
rACC and DLPFC GABA+ levels, blunted cortisol re-
sponse, and aberrant stress-related changes in network
amplitude and between-network connectivity in the FPN
(decreased), SN (decreased), DMN (increased), and stress-
related networks (increased). Given previous mixed find-
ings (27, 28), it was unclear whether effects would be similar
in MDD and rMDD; accordingly, an important goal was to
clarify putative trait-versus-state effects.

2. There would be sex differences in GABA+ and stress re-
activity, shown by relatively decreased GABA+ and cortisol
response in females and differential engagement and con-
nectivity of stress networks. This was expected to be driven
by hyperactivity of limbic regions and hypoactivity of reg-
ulatory networks in females, particularly those with MDD.

3. Lower rACC and DLPFC GABA+ at rest would be as-
sociated with deficits in engaging and disengaging these
networks under stress.
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FIGURE 1. Multimodal imaging at rest and with stressors in a study of stress response in young adults with lifetime depression?

Serum cortisol
(over 60 min. post-stress onset)

VAMS, PANAS, STAI-S

2 nitial BOLD acquisition under baseline conditions (pre-MAST, untimed problems), followed by an acute stressor (MAST), followed by BOLD acquisition
under stress conditions (post—MAST 1: untimed problems; post—MAST 2: timed problems and progress bar), followed by negative verbal feedback over
the scanner intercom, followed by final BOLD acquisition (post—MAST 3: timed problems with progress bar). BOLD=blood-oxygen-level-dependent
signal; GABA=+vy-aminobutyric acid; MAST=Maastricht Acute Stress Test; MIST=Montreal Imaging Stress Test; MRS=magnetic resonance spec-
troscopy; PANAS=Positive and Negative Affect Schedule; STAI-S=State-Trait Anxiety Inventory—State; VAMS=Visual Analogue Mood Scale. (Figure

reprinted from reference 28 with permission from the publishers.)

4. GABA+ in regions overlapping with the networks of
interest (rACC in SN and DLPFC in FPN) would moderate
network amplitude and connectivity.

METHODS

Participants

A total of 130 unmedicated participants 18-25 years of age
were recruited from the community. They provided written
informed consent to a protocol approved by the Partners
Human Research Committee. A clinician administered the
Structured Clinical Interview for DSM-5. Forty-four par-
ticipants (22 of them female) were assessed as currently
having a major depressive episode (MDD group); 42 par-
ticipants (22 of them female) had at least one prior major
depressive episode, which was fully remitted (rMDD group);
and 44 participants (21 of them female) were healthy com-
parison subjects. Participants were recruited by sex assigned
at birth (65 females, 65 males), and all sex effects reported
refer to sex assigned at birth. For the groups’ demographic
information and clinical scores, see Tables S1 and S2 in the
online supplement.

Procedure

The procedure has been described previously (28). Briefly,
after insertion of an intravenous line, participants entered
the MRI scanner. They completed a single ~45-minute
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GABA MRS scan, followed by an acute laboratory stressor
task during fMRI. To increase reliability of the imaging
stressor, we combined the Montreal Imaging Stress Test
(29) and the more potent Maastricht Acute Stress Test
(MAST) (which has been shown to elicit robust auto-
nomic, glucocorticoid, and affective stress responses [30])
into a single hybrid stressor (see Figure 1 and the online
supplement).

MRI and MRS Data Acquisition and Preprocessing

A 3-T Siemens MAGNETOM Prisma scanner (Siemens Medical
Systems, Iselin, N.J.) equipped with a 64-channel head coil was
used to acquire high-resolution functional and structural MRI
data. Functional MRI data were preprocessed using fMRIPrep,
release 20.2.1 (31) (RRID: SCR_016216), which is based on
Nipype, release 1.5.1 (RRID: SCR_002502).

For MRS acquisition, T;-weighted structural images were
used to place voxels in the rACC (17.5 mL; 35X 20X 25 mm?®)
and left DLPFC (18.75 mL; 25X30X25 mm°®) (32). GABA+
concentrations were normalized to water and corrected by
percentage gray and white matter and CSF (see Figures
S1 and S2 in the online supplement).

Blood Cortisol Collection and Analysis

We applied an established method for collecting HPA-axis
hormone-level changes in response to acute stress using
serial blood samples. Blood cortisol changes from stress were
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calculated using area under the curve with respect to in-
crease (AUCI) (see the online supplement).

Independent Component Analysis of Functional Data
For a data-driven evaluation of network-level changes from
stress, we ran a group independent component analysis of
the fMRI data. The resulting independent component maps
were thresholded using Gaussian-gamma mixture modeling
with a significance threshold of p=0.5 to identify the signals
in each component. Five networks of interest were selected,
and a dual regression approach (33) was used to extract
network time courses for each participant by run. These
were then used to estimate the amplitude of each network
and connectivity between each network pair. Amplitude, a
proxy for overall activation in each run, was defined as how
much a network deviates from its own mean. Network
connectivity between each network pair was defined as
partial correlation in each run. Task-specific networks were
extracted based on the runs and blocks of stress conditions
(the task did not have trial-by-trial regressors).

Network Modeling and Statistical Analysis

Network values were estimated by FSLNets, version 0.6 (34).
Our main outcome variables (four repeated measures at one
pre-stress and three post-stress time points) were 1) indi-
vidual network amplitudes for each of the five networks and
2) between-network connectivity (network pairs). For single
measurements of GABA+ and cortisol AUCI, outliers were
first removed (determined by Cook’s distance for the group-
by-sex linear model), and linear regression was performed to
evaluate group and sex differences and their interaction
using the Im function in R (35). For repeated measures (main
outcome network variables, self-report), mixed-effects re-
gressions were conducted using the ImerTest package
in R. Likelihood ratio tests were performed to determine
whether sex and its interactions with other variables should
be included in each model, and sex was retained in the model
for only one network (DMN amplitude). To evaluate both
clinical groups separately, we defined a priori contrasts as 1)
the healthy comparison group versus the MDD group and 2)
the healthy comparison group versus the rMDD group.
Models were evaluated for main effects and interactions
using analysis of variance, and fixed effects of contrasts
were examined to establish the stress time point (post-
MAST 1, post-MAST 2, post-MAST 3) or group (MDD,
rMDD) driving significant effects. Follow-up tests using
estimated marginal means were applied to evaluate trait-
versus-state effects by comparing the MDD and rMDD
groups. Effect sizes were calculated using the r2glmm package
in R.

To leverage multimodal data, we regressed connectivity
and amplitude values on stress, group, and sex as above and
added rACC GABA+, DLPFC GABA+, or cortisol AUCI. All
potential interaction terms were included, and network
analyses were corrected for multiple comparisons using the
false discovery rate for 145 tests (15 network amplitude and

642 ajp.psychiatryonline.org

connectivity pair models [main effects and interactions,
three to seven tests per network model, depending on in-
clusion of sex in the model], as well as with cortisol [two
additional interactions of interest per network model] and
two GABA regions of interest [two additional interactions
per network model per region of interest]; see Table S4 in the
online supplement for a full list of the models and tests). False
discovery rate-corrected p values are reported. Finally, to
explore the relationship between self-report and biological
markers of stress response, we correlated GABA+, cortisol
AUCI, and significant network changes from stress with
changes in affective ratings.

RESULTS

Group Independent Components Analysis

Five networks were selected a priori and identified from the
group independent component analysis results (Figure 2):
three networks corresponding to those highlighted in the
triple network model (DMN, FPN, SN) (6) and two stressor
task-specific networks (i.e., utilizing the task-specific nature
of the independent component analysis data). For the task-
specific networks, the first encompassed the temporal lobe,
anterior insula, and amygdala (Temp-Ins-Amyg), and the
second included the vmPFC, ventral striatum, and ACC
(vmPFC-Str-ACC).

Stress Results

A one-sample t test on the cortisol AUCI revealed that
cortisol concentrations were significantly increased across
participants (t=7.37, df=88, p<<0.001), indicating that the
stressor elicited the intended effect. AUCi was then
regressed on between-subject factors of group (healthy,
MDD, rMDD) and sex (female, male) and their interaction.
The interaction was not significant, but, in line with hy-
potheses 1 and 2, there were significant main effects of group
(F=9.88, df=2, 83, p<0.001) and sex, with males having
significantly higher AUCi than females (8=0.51, F=7.29,
df=1,83,p=0.008, R*=0.08). Fixed effects clarified that the
MDD group had significantly lower cortisol AUCI than the
healthy comparison group (B=-0.40, t=—2.98, df=83,
p=0.004, R?=0.10), whereas the rMDD group had sig-
nificantly higher cortisol AUCIi than the healthy compari-
son group (B=0.60, t=4.397, df=83, p<<0.001, R>*=0.19)
(Figure 3). There was also a main effect of stress on all
affective rating measures (all p values <0.001), indicating
that the stressor increased negative affect and decreased
positive affect (see Figure S3 in the online supplement).

GABA MRS Results

GABA + values from the rACC and DLPFC were regressed on
between-subject factors of group, sex, and their interaction.
The interactions were not significant, but for the rACC only,
a main effect of group emerged (F=4.01, df=2, 97, pcorr=
0.04). Follow-up tests showed that (as per hypothesis 1) the
MDD and rMDD groups had significantly lower levels of
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FIGURE 2. Thresholded statistical maps of networks identified with group independent component analysis overlaid with canonical
network maps and regions of interest®

@Panel A shows the right frontoparietal network (3.39% of the variance explained) (red/yellow) overlaid with “right dorsolateral prefrontal cortex/right
parietal” (green) from the Shirer et al. atlas (43). Panel B shows the default mode network (3.69% of the variance explained) (red/yellow) overlaid with
“posterior cingulate cortex/ventromedial prefrontal cortex” (green) from the Shirer et al. atlas. Panel C shows the salience network (2.73% of the
variance explained) (red/yellow) overlaid with “insula/dorsal anterior cingulate cortex” (green) from the Shirer et al. atlas. Panel D shows the ven-
tromedial prefrontal cortex, ventral striatum, and anterior cingulate cortex (2.36% of the variance explained) (red/yellow) overlaid with unthresholded
Harvard-Oxford cortical and subcortical atlas masks for the medial frontal cortex; cingulate gyrus, anterior division; right accumbens; and left
accumbens (green). Panel E shows the temporal-insula-amygdala network (2.25% of the variance explained) (red/yellow) overlaid with unthresholded
Harvard-Oxford cortical and subcortical atlas masks for the insular cortex; temporal pole; superior temporal gyrus, anterior division; inferior temporal
gyrus, anterior division; left amygdala; and right amygdala (green). The percentage of variance explained is the amount of independent variance a
component explains over and above all other components, divided by the sum of all unique amounts.
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FIGURE 3. Violin plots showing differences in cortisol response to stress, by group and by sex, and rostral anterior cingulate cortex
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2 Cortisol response is measured by area under the curve with respect to increase (AUCI). Overlaid box plots show the median and interquartile range.
GABA=vy-aminobutyric acid; HC=healthy comparison group; MDD=current major depressive disorder group; rACC=rostral anterior cingulate

cortex; rMDD=remitted major depressive disorder group.
*p<0.05.**p<0.01. ***p<0.001.

rACC GABA+ than the healthy comparison group (MDD:
B=-0.09, t=—2.49, df=97, p=0.01, R>=0.03; rMDD:
B=—0.1, t=—2.58, df=97, p=0.01, R*=0.02) (Figure 3C)
but did not differ significantly from each other (8=—0.005,
t=-0.13, df=97, p=0.89).

fMRI Results: Effects of Stress

Compared with pre-stress measures, stress significantly
decreased amplitude in the FPN (F=7.43, df=3, 348,
Pcorr=0.002; post-MAST 2: B=-0.28, R2=O.Ol; post-
MAST 3: B=—0.26, R2=0.01) and the DMN (F=7.21, df=3,
342, Peorr=0.002, R>=0.02; post-MAST 2: =—0.30,R?=0.01;
post—-MAST 3: B=—0.34, R*=0.02), and increased ampli-
tude in the two stress-related networks (Temp-Ins-Amyg:
F=13.82, df=3, 348, Peorr<0.001; post-MAST 2: B=0.54,
R?=0.04; post-MAST 3: B=0.35, R*=0.02; vmPFC-Str-
ACC: F=9.20, df=3, 348, DPeorr<0.001; post-MAST 2:
B=0.42, R>=0.02; post—-MAST 3: B=0.24, R>=0.01). Stress
decreased connectivity between the DMN and SN (F=8.89,
df=3, 353, Peorr<0.001; post-MAST 2: B=—0.45, R2=0.03;
post-MAST 3: B=0.52, R*=0.03) and increased connec-
tivity between the DMN and FPN (F=24.74, df=3, 352,
Peorr<0.001; post-MAST 2: =0.59, R*=0.02; post-MAST
3: B=0.46, R*=0.01).

fMRI Results: Effects of Diagnosis and Sex

There was a main effect of group on FPN amplitude across
the task (F=8.64,df=2,119, p.or+=0.005) (Figure 4A). As per
hypothesis 1, this was driven by the healthy comparison
group having higher activation than the MDD and rMDD
groups. Examination of the fixed effects showed that this
main effect of group was driven by the MDD<healthy contrast
(B=—0.29,t=—2.42,df=278,p=0.02, R?=0.01). Follow-up least
square mean tests showed that rMDD<healthy (3=-0.23,
t=—3.76, df=121, p<0.001, R*=0.005) and MDD=rMDD
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(B=-0.02, t=—0.34, df=120, p=0.73). In contrast, we ob-
served the opposite pattern in the SN and the Temp-Ins-Amyg
network, with a main effect of group on amplitude across the
task (SN: F=7.99, df=2, 119, pcorr=0.007; Temp-Ins-Amyg:
F=7.77,df=2,117, pcorr=0.008) (Figure 4B,C), driven by the
healthy comparison group having lower amplitude than the
MDD and rMDD groups. This main effect of group was driven
by the rMDD>healthy contrast in the SN (3=0.28, t=2.19,
df=368,p=0.03, R*=0.01). Follow-up least square mean tests
showed that in both networks, MDD and rMDD>healthy
(pairwise comparisons, all p values <0.01) and MDD=rMDD
(pairwise comparisons, all p values >0.17).

In partial support of hypothesis 2, a main effect of sex
emerged for DMN amplitude (F=9.80, df=1, 118, pcorr=
0.03) (Figure 4D), driven by females having lower am-
plitude than males (B=—0.42, t=—2.41, df=325, p=0.02,
R%=0.01).

Associations of Network Changes From Stress With
GABA+ and Cortisol

Across all participants, there was a significant effect of
DLPFC GABA+ on FPN amplitude change from stress
(stress-by-DLPFC GABA+: F=4.39, df=3, 288, pcor-=0.05)
(Figure 5A), with increased DLPFC GABA + associated with
greater reductions in FPN amplitude from stress (Pearson
r=-0.28, df=87, p=0.006). In addition, stress-induced
DMN-SN connectivity changes were differentially associ-
ated with rACC GABA+ by clinical group (group-by-stress-
by-rACC GABA+: F=4.26, df=6, 275, peorr=0.005)
(Figure 5B). This interaction was due to the fact that for the
healthy comparison group—but not the clinical groups—
higher GABA+ levels in the rACC were associated with
lower DMN-SN connectivity (r=-—0.40, df=25, p=0.04).
Critically, the rACC voxel overlaps these network pairs (see
Figure S4 in the online supplement).
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FIGURE 4. Group differencesin network amplitude in frontoparietal network, salience network, and temporal-insula-amygdala network

and sex differences in default mode network?
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Stress-induced FPN-Temp-Ins-Amyg connectivity changes
were differentially associated with cortisol by group (group-by-
stress-by-cortisol AUCi: F=3.61, df=6, 240, pcorr=0.03)
(Figure 5C); specifically, for the healthy comparison group,
higher cortisol responses were associated with greater con-
nectivity between the FPN and the Temp-Ins-Amyg network
(r=0.41,df=30,p=0.02). For both the MDD (r=—0.45,df=24,
p=0.02) and rMDD (r=-0.38, df=26, p=0.05) groups, a
negative association emerged.

Table 1 summarizes the directionality of significant
findings. To aid interpretation of relationships between our
multiple measures, exploratory correlational analyses were
run (see Figure S5 in the online supplement).

DISCUSSION

Acute stress affected four networks of interest: The FPN and
DMN decreased amplitude under acute stress, whereas
stress-related networks (vmPFC-Str-ACC and Temp-Ins-
Amyg) predictably increased amplitude. Per hypothesis 1,

Am J Psychiatry 181:7, July 2024

young adults with MDD had lower cortisol AUCi than
healthy comparison subjects, whereas, unexpectedly, those
in remission (rMDD) had higher cortisol than healthy
subjects. Moreover, compared with healthy subjects, those
with MDD or rMDD showed lower rACC GABA+, lower FPN
amplitude, and higher SN and Temp-Ins-Amyg amplitude,
partially supporting hypothesis 1 and suggesting a trait-like
rather than a state-like effect of MDD on GABA+ and these
networks. Critically, cortisol response to stress in the healthy
comparison group was positively associated with stress
related-changes in “top-down, bottom-up” connectivity
between a network associated with top-down control (FPN)
and a bottom-up threat-related task network (Temp-Ins-
Amyg), whereas the opposite was the case for the MDD and
rMDD groups, where cortisol was associated with reduced
top-down, bottom-up connectivity. Dimensionally, this
change in top-down, bottom-up connectivity was positively
associated with hostility emerging throughout the stress
manipulation (see the online supplement) and negatively
associated with changes in connectivity between the
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FIGURE 5. Associations of cortisol and GABA+ with network amplitude and connectivity changes from stress?
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@ Panel A shows the association of DLPFC GABA+ with frontoparietal amplitude changes from stress. Panel B shows the association of FACC GABA+ with
default mode network-by-salience network connectivity changes from stress. Panel C shows the associations of cortisol response from stress with
changes from stress in frontoparietal network-by-temporal-insula-amygdala network connectivity. AUCi=area under the curve with respect to
increase; DLPFC=dorsolateral prefrontal cortex; DMN=default mode network; FPN=frontoparietal network; GABA=+vy-aminobutyric acid;
HC=healthy comparison group; MAST=Maastricht Acute Stress Test; MDD=current major depressive disorder group; rACC=rostral anterior cin-
gulate cortex; rMDD=remitted major depressive disorder group; SN=salience network; Temp-Ins-Amyg=temporal, insula, amygdala network.

evaluative SN and self-referential DMN. Partially supporting
hypotheses 3 and 4, increased rACC GABA+ was also asso-
ciated with stress-related reductions in putatively evaluative
and self-referential connectivity (SN-DMN connectivity) in
healthy subjects, whereas this was not the case in those with
MDD and rMDD. Across participants, there was also a neg-
ative relationship between this SN-DMN and SN-Temp-Ins-
Amyg connectivity, suggesting that external (threat-related)
evaluation might increase when internal self-referential
evaluation decreases. In terms of sex differences, in partial
support of hypothesis 2, males showed higher cortisol re-
sponse than females overall, and males were characterized by
hyperactive DMN compared with females. See Figure 6 for a
graphical representation and integration of the findings.
Healthy stress responses involve cortisol release, effec-
tive salience evaluation (SN), and top-down control over
bottom-up limbic regions that signal threat (Temp-Ins-
Amyg) by increasing connectivity with the FPN (36).
These networks have also emerged in meta-analyses of stress
circuitry in healthy subjects (11). Our findings suggest that
those with MDD or rMDD had lower FPN activation,
pointing to impaired top-down signaling. Conversely, the
clinical groups had higher activation in the evaluative SN and
the stress-related network (Temp-Ins-Amyg), suggesting
exaggerated bottom-up threat signaling. Similar to previous
findings (19), we observed a blunted cortisol response to
stress in individuals with MDD and lower cortisol response
in females compared with males. The reduced cortisol re-
sponse in MDD seems to be state-dependent, and higher
cortisol response in rMDD may be an important biological
marker of remission, potentially representing a reengage-
ment of emotional responding, which can be blunted in MDD
(37). Hypoactivation of the stress response circuitry in
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females with MDD has previously been shown to relate to
dysregulation of hypothalamic-pituitary-gonadal-axis hor-
mones, which may be an important mechanism underlying
sex differences in MDD prevalence (22).

Together, these findings suggest a key role for rACC
GABA+ in downstream network amplitude and both rACC
GABA+ and cortisol in downstream cortico-limbic between-
network connectivity under stress, elucidating potential
network effects of previously shown deleterious effects of
stress on prefrontal GABA (38). Rostral ACC GABA+ was
lower in those with MDD and rMDD who also showed lower
top-down (FPN) and higher evaluative (SN) and threat
signaling (Temp-Ins-Amyg) activation. We speculate that
these patterns collectively highlight blunted stress response
in current MDD, which may lead to increased evaluative SN
and bottom-up threat-related activation, thereby increasing
reliance on automatic responses and lowering demand on the
FPN to exert top-down control. This was further supported
by dimensional analyses showing that rACC GABA+ was
associated with stress-induced decreases in connectivity
between the evaluative SN and self-referential DMN in the
healthy comparison group but not in the clinical groups, who
may lack effective inhibition of these networks under stress.
This extends previous findings on healthy inhibitory rela-
tionships between GABA+ and DMN and top-down control
network connectivity (24) being imbalanced in psychopa-
thology (23). We also observed negative exploratory corre-
lations between this evaluative and self-referential network
and networks associated with top-down, bottom-up en-
gagement, suggesting that these processes move in opposite
directions following stress.

GABA MRS data add a new dimension to the role of rACC
inhibition in stress, with higher rACC GABA+ being

Am J Psychiatry 181:7, July 2024


http://ajp.psychiatryonline.org

associated with a stress-related decrease in evaluative and
self-referential connectivity between the SN (which over-
laps the MRS voxel) and the DMN. Lower GABAergic in-
hibition in the rACC in MDD and rMDD could result in
exaggerated or maladaptive self-referential evaluation,
whereas the healthy response to stress would be to inhibit this
network in favor of engaging top-down control (FPN) and
evaluation (SN) of threat signals (Temp-Ins-Amyg). Our ex-
ploratory correlations shed further light on this relationship,
with rACC GABA+-associated decreases in proposed mal-
adaptive evaluative and self-referential connectivity being
linked to increases in more adaptive top-down, bottom-up
connectivity and threat evaluation connectivity. A recent trial
of positive allosteric modulator of GABA 5 receptors has shown
promising results in the treatment of MDD (39). An interesting
next step might be to test whether GABAergic treatments
reduce stress-induced maladaptive self-referential evaluation
or increase top-down control and evaluation of threat signals.

The findings suggest potentially interesting overall sex
differences, with lower DMN amplitude in females compared
with males. Diminished deactivation of the DMN during a task
has been reported previously in rMDD (40), but previous
studies have not examined sex differences. Our finding that
females deactivated the DMN during a stressor task to a greater
extent than males suggests a potential difference in a network
previously implicated in treatment. This could be explained by
males showing later development than females of prefrontal
circuits that regulate the DMN (41). This may mean that
treatments to reduce self-referential processing and DMN
activation may be more effective in young females than young
males.

Our hypothesis that MDD would be characterized by
reduced DLPFC GABA+ levels was not supported, and, as
most group effects were main effects (or interactions with
cortisol and GABA), we show limited evidence of aberrant
stress-related changes in network amplitude and between-
network connectivity. We also did not show sex differences
in GABA+ or differential between-network connectivity of
stress networks.

Limitations of the study include the lack of group dif-
ferences in network response to stress when not considering
cortisol or GABA, few group-by-sex differences (although
this may reflect a lack of statistical power, as indicated by
larger minimum effect sizes in supplemental sensitivity
analyses of power), the use of data-driven techniques to test
specific hypotheses, and the lack of a behavioral measure in
our task. However, our repeated-measures design and in-
clusion of unmedicated young adults under age 26 (selected a
priori to account for PFC maturation), as well as control for
menstrual cycle and time of day, improved the rigor and
statistical power. We did not find differences in DLPFC
GABA+, despite recent evidence (27). Also, among a subset
of the healthy comparison subjects, we previously reported
that the test-retest reliability of the rACC voxel was low
to moderate (32). We analyzed effects of sex assigned at
birth, and the parent study will examine gonadal hormones.
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TABLE 1. Directionality of significant GABA, cortisol, and imaging
findings in a study of stress response in young adults with lifetime
depression?

Measure Overall Effect Effect of Stress
rACC GABA MDD<HC
rMDD<HC
Cortisol AUCI Increased from stress
MDD<HC
rMDD<HC
Female<male
FPN amplitude MDD<HC Decreased from stress
rMDD<HC DLPFC GABA correlated

with decrease

DMN amplitude Female<male Decreased from stress

SN amplitude HC<MDD
HC<rMDD
Temp-Ins-Amyg HC<MDD Increased from stress
amplitude HC<rMDD
vmPFC-Str-ACC Increased from stress
amplitude

Decreased from stress
Group-by-rACC GABA
Increased from stress
Group-by-cortisol AUCi

DMN-SN connectivity

DMN-FPN connectivity
FPN-Temp-Ins-Amyg
connectivity

2 AUCi=area under the curve with respect to increase; DLPFC=dorsolateral
prefrontal cortex; DMN=default mode network; FPN=right frontoparietal
network; GABA=+vy-aminobutyric acid; HC=healthy comparison group;
MDD=current major depressive disorder group; rACC=rostral anterior
cingulate cortex; rMDD=remitted major depressive disorder group;
SN=salience network; Temp-Ins-Amyg=temporal, insula, amygdala net-
work; vmPFC-Str-ACC=ventromedial prefrontal cortex, ventral striatum,
anterior cingulate cortex network.

However, sex effects are often overlapping (42), and this study
does not consider gender identity. Finally, the participants’
young age, the lack of comorbidities, and the limited ecological
validity of laboratory stressors limit generalizability.

In summary, the multimodal approach used in this study
unveiled state- and trait-related abnormalities in MDD. We
found that stress increased amplitude in networks associated
with bottom-up threat signaling and coping and reduced
amplitude in networks associated with top-down control and
self-referential processing. In addition, compared with
healthy subjects, young adults with MDD or rMDD had
lower top-down control network amplitude and higher
threat (bottom-up) and self-referential network ampli-
tude, highlighting trait effects of MDD and rMDD. Im-
portantly, cortisol response to stress showed a state effect,
with blunting in the MDD group contrasting with potenti-
ation in the rMDD group, and was associated with stress-
induced increases in top-down, bottom-up connectivity in
healthy subjects but not in the clinical groups. Sex differ-
ences in cortisol response to stress were associated with
evaluative and bottom-up connectivity changes. Critically,
lower rACC GABA + was found to be a trait feature of MDD
and rMDD and was associated with stress-induced connec-
tivity changes in an evaluative and self-referential network
critical to MDD pathophysiology. Together, these novel
findings suggest that deficits in stress hormone signaling and
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FIGURE 6. Summary of model: brain surface rendering summarizing significant findings related to effects of stress, group, and sex®
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@ ACC=anterior cingulate cortex; AUC=area under the curve; GABA=vy-aminobutyric acid; MDD=current major depressive disorder group; rACC=rostral

anterior cingulate cortex; rMDD=remitted major depressive disorder group.

inhibitory GABAergic mechanisms have downstream effects
on activation of, and connectivity between, networks impli-
cated in stress and the pathophysiology of MDD.
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Examination Questions for “Association of Lower Rostral Anterior Cingulate
GABA+ and Dysregulated Cortisol Stress Response With Altered Functional
Connectivity in Young Adults With Lifetime Depression:

A Multimodal Imaging Investigation of Trait and State Effects”

1. Which of the following combinations of canonical resting-state networks showed
decreased amplitude following an acute laboratory stressor?

A. Frontoparietal network, default mode network

questions with a single correct answer. B. Frontoparietal network, salience network
CME credit is issued only online. Read- C. Default mode network, salience network
ers who want credit must subscribe to D. Frontoparietal network, default mode network, salience network

the AJP Continuing Medical Education 2
Course Program  (psychiatryonline.
org/cme), select The American Jour-

nal of Psychiatry at that site, take the
course(s) of their choosing, complete

an evaluation form, and submit their
answers for CME credit. A certificate

for each course will be generated upon
successful completion. This activity is 3
sponsored by the American Psychiatric
Association.

. What was the directionality of the significant differences in rostral anterior cingulate
cortex GABA+ between the three groups (healthy comparisons [HC], major
depressive disorder [MDD], and remitted major depressive disorder [rMDD])?

A. MDD < rMDD < HC
B. MDD < HC < rMDD
C. MDD = rMDD < HC
D. HC <rMDD < MDD
. Stress induced connectivity changes between which two networks was negatively

associated with rostral anterior cingulate cortex GABA+ for healthy comparisons but
not either of the clinical groups?

A. Frontoparietal network, default mode network

650 ajp.psychiatryonline.org

B. Default mode network, salience network
C. Default mode network, task network (temporal-insula-amygdala)
D. Frontoparietal network, salience network
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Data supplement for Ironside et al., Association of Lower Rostral Anterior Cingulate GABA+ and
Dysregulated Cortisol Stress Response With altered Functional Connectivity in Young Adults
With Lifetime depression: A Multimodal Imaging Investigation of Trait and State Effects. Am J
Psychiatry (doi: 10.1176/appi.ajp.20230382)

Supplemental Methods
Participants

Inter-rater reliability was assessed using audiotapes of subject interviews that were independently, blindly
rated by a second interviewer. Two McLean-based study interviewers rated audiotapes consisting of the
Structured Clinical Interview for DSM-5 Disorders (SCID-5 (1)), Hamilton Depression Rating Scale
(HDRS (2)), and Quick Inventory of Depressive Symptomatology (QIDS (3)) interviews conducted by
one of the other three study interviewers, including one based at the Brigham and Women's Hospital site.
The 28 tapes (15% of the sample) that were included were randomly selected from within each of three
diagnostic categories (MDD, remitted MDD, and not meeting criteria for either current or past
depression) by a staff member not involved in the inter-rater reliability process. An intraclass correlation
of 0.95 was obtained for the 17-item total HDRS score, and an intraclass correlation coefficient of 0.96
was obtained for the 16-item total QIDS score. Assessment of the diagnostic agreement of MDD vs.

rMDD vs. no history of MDD yielded a kappa coefficient of 0.94.

For gender identity, two participants identified as non-binary, 64 as cisgender women, and 64 as
cisgender men. Age of onset of first MDE did not differ significantly between the MDD (M = 16.8, SD =
3.5) and rtMDD (M = 17.6, SD = 2.4) groups (t(76) = 1.19, p = 0.2) but number of depressive episodes
did, with the MDD group reporting a median of 2 and the MDD group reporting a median of 1 (Wilcox

test: W= 1230, p = 0.004). Exclusion criteria included other comorbid psychiatric disorders, use of
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psychoactive drugs, recent recreational drug use or past substance use disorder. Recent recreational drug
use was ruled out with a urine drug test carried out at screening and testing days. Participants were
compensated for their time. Participants needed a washout period for psychoactive drugs of six weeks for
fluoxetine, two weeks for any other antidepressants or benzodiazepines. Demographics are summarized in

Table S1.
Procedure

The imaging session took place in the early follicular phase (first seven days, although there were three
participants, one in each group, who we allowed up to day 11 because of longer cycles) of the female
participants’ menstrual cycle to control for hormonal variability and in the afternoon, to control for
diurnal variability of cortisol response (4). To improve the potency of the stressor following piloting, the
protocol combined the MIST (5) and the Maastricht Acute Stress Test (6) into a single hybrid stressor. As
depicted in main text Figure 1, participants completed four blocks of arithmetic problems, each lasting
~3.5 min. During block one (pre-MAST), there was no time pressure and participants received trial-by-
trial performance feedback (“correct”, “incorrect”). This constituted a “no-stress” baseline condition.
After the first block, the scanner table was brought out and the participant was asked to complete a 12-
minute MAST protocol whilst lying on the scanner table: two experimenters (whom the participant had
not met yet) acting as “doctors” entered the scanner suite and gave instructions for the MAST task, which
involved interleaving blocks of mental arithmetic (counting backward from a four-digit number out loud
in steps of 17) and immersing their hand in ice-cold (0-2° Celsius) water. After the MAST, the “doctors”
informed the participant that they would continue monitoring their performance from the scanner control
room. The table was returned to the scanner and the participant completed another block of the MIST
(post-MAST 1). This block was identical to the previous block, providing a direct comparison. In block
three of the MIST (post-MAST 2), stress was increased with time pressure and monitoring compared to
the implied average on a performance bar. After this block, one “doctor” gave negative verbal feedback

over the intercom, stating performance was well below average and to make the data usable the
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participant would need to improve in this final block. Then, the participant completed the final block
(post-MAST 3), identical to post-MAST 2. The length of the blocks was determined by a computer
algorithm (thus, introducing unpredictability and uncontrollability) and the “doctors” provided evaluation
of the arithmetic task for a socio-evaluative component; moreover, time pressure was calibrated by
participants’ prior responses. Self-report affective ratings were collected pre- and post-stress to confirm

the effectiveness of the stress manipulation. Participants were debriefed at the end of the study session.

MRI data acquisition and preprocessing

Structural data were acquired with a T1-weighted magnetization-prepared rapid acquisition having
gradient multi-echo (MPRAGE) imaging sequences with the following acquisition parameters: repetition
time (TR) = 2530 ms; echo times (TE) = 1.69, 3.55, 5.41 and 7.27 ms; field of view =256 mm; voxel
dimensions = 1.0 x 1.0 x 1.0 mm?; 176 slices. Functional MRI data were acquired using a gradient echo
T2*-weighted echo planar imaging sequence with the following acquisition parameters: repetition time
(TR) = 2000 ms; echo time (TE) = 30 ms; field of view = 204 mm; voxel dimension =1.5x 1.5x 1.5

mm; 84 interleaved slices with a multiband acceleration factor of 3.

Anatomical data preprocessing

The T1-weighted (T1w) images were corrected for intensity non-uniformity (INU) with
N4BiasFieldCorrection (7), distributed with ANTs 3.0.0 (8) (RRID:SCR_004757), and used as T1w-
reference throughout the workflow. The T1w-reference was then skull-stripped with

a Nipype implementation of the antsBrainExtraction.sh workflow (from ANTs), using OASIS30ANTS as
target template. Brain tissue segmentation of cerebrospinal fluid (CSF), white-matter (WM) and gray-
matter (GM) was performed on the brain-extracted T1w using fast (FSL 6.0.0, RRID:SCR_002823 (9)).

Brain surfaces were reconstructed using recon-all (FreeSurfer 6.0.1, RRID:SCR_001847 (10)), and the
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brain mask estimated previously was refined with a custom variation of the method to reconcile ANTs-
derived and FreeSurfer-derived segmentations of the cortical gray-matter of

Mindboggle (RRID:SCR_002438 (11)). Volume-based spatial normalization to standard space
(MNI152NLin6Asym) was performed through nonlinear registration with antsRegistration (ANTs 3.0.0),

using brain-extracted versions of both T1w reference and the T1w template.

Functional data preprocessing

For each of the four BOLD runs, the following preprocessing was performed. First, a reference
volume and its skull-stripped version were generated using a custom methodology of fMRIPrep. A
deformation field to correct for susceptibility distortions was estimated based on fMRIPrep’s fieldmap-
less approach. The deformation field resulted from co-registering the BOLD reference to the same-
participant T1w-reference with its intensity inverted (12,13). Registration was performed with
antsRegistration (ANTs 3.0.0), and the process regularized by constraining deformation to be nonzero
only along the phase-encoding direction and modulated with an average fieldmap template (14). Based on
the estimated susceptibility distortion, a corrected EPI (echo-planar imaging) reference was calculated for
a more accurate co-registration with the anatomical reference. The BOLD reference was then co-
registered to the T1w reference using bbregister (FreeSurfer), which implements boundary-based
registration (15). Co-registration was configured with six degrees of freedom. Head-motion parameters
with respect to the BOLD reference (transformation matrices, and six corresponding rotation and
translation parameters) are estimated before any spatiotemporal filtering using mcflirt (FSL 6.0.0 (16)).
BOLD runs were slice-time corrected using 3dTshift from AFNI 20190007 (17) (RRID:SCR_005927).
The BOLD time-series were resampled to surfaces on the following spaces: fsaverage,
MNI152Nlin6Asym. The BOLD time-series (including slice-timing correction) were resampled onto their
original, native space by applying a single, composite transform to correct for head-motion and

susceptibility distortions. These resampled BOLD time-series will be referred to as preprocessed BOLD
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in original space, or just preprocessed BOLD. All resamplings can be performed with a single
interpolation step by composing all the pertinent transformations (i.e., head-motion transform matrices,
susceptibility distortion correction when available, and co-registrations to anatomical and output spaces).
Gridded (volumetric) resampling was performed using antsApplyTransforms (ANTSs), configured with
Lanczos interpolation to minimize the smoothing effects of other kernels (18). Non-gridded (surface)
resampling was performed using mri_vol2surf (FreeSurfer). Several confounding time-series were
calculated based on the preprocessed BOLD: framewise displacement (FD), DVARS and three region-
wise global signals. FD and DVARS were calculated for each functional run, both using their
implementations in Nipype. Frames that exceeded a threshold of 0.5 mm FD or 1.5 standardised DVARS
were annotated as motion outliers. Any participant with >20% motion outliers per run was excluded from
analysis (1 tMDD excluded all runs, 1 MDD excluded all runs, 2 HC excluded 2 runs, 2 HC excluded 1
run, 2 MDD excluded 1 run, 2 rMDD excluded 1 run). Motion artifacts were estimated using independent
component analysis (ICA-AROMA, (19)), visually checked and removed from the preprocessed BOLD
on MNI space time-series using FSL’s regfilt, after removal of non-steady state volumes and spatial
smoothing with an isotropic, Gaussian kernel of 6mm FWHM (full-width half-maximum). The BOLD
time-series were resampled into standard MNI space using antsApply Transforms (ANTs 3.0.0). Finally,
the preprocessed, normalized BOLD runs were temporally filtered using a high bandpass of 150 sec and

masked using the standard MNI152Nlin6Asym T1 brain mask.

GABA MRS acquisition and processing

The T1-weighted structural images were used to place a voxel in the rACC (17.50 ml; 35 x 20 x 25 mm’,
Figure S1) and left DLPFC (18.75 ml; 25 x 30 x 25 mm?, Figure S1) for MRS data collection. The left
DLPFC is implicated in MDD, with foundations in frontal asymmetry work and is a target for many
established and novel neuromodulation interventions for MDD (e.g. rTMS, tDCS). Indeed, one of the

proposed mechanisms of action for neuromodulation is through modification of GABA concentrations
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(20,21). As the GABA measurement is before the stressor we were more interested in baseline features of
MDD/rMDD and its cortical treatment targets, rather than stress-related effects of the experimental

manipulation, which would have been more relevant to right DLPFC.

The MRS voxels were placed manually by the same MRS physicist (Dr. Zuo) using a standard
guidance image and landmarks such as the genus of the corpus callosum (for the rACC) and inner table of
the calvaria (for the DLPFC). Proton GABA+ (macromolecular-contaminated) measurement employed a
MEshcher-GArwood Point RESolved Spectroscopy (MEGA-PRESS) sequence obtained from the
University of Minnesota with the acquisition frequency sitting at 3.0ppm and frequency-selective editing
pulses, each with a duration of 17ms alternatively at 1.9 ppm (on) and 7.5 ppm (off) interleaved with the
averages (22-25). MEGA-PRESS is an established MRS acquisition protocol for GABA detection that
has demonstrated superior GABA test-retest reliability compared with other sequences, as described in
detail in (26). The magnetic field homogeneity within the prescribed voxel was adjusted using a vendor-
provided 3D shimming routine with additional water suppression optimization (completed by the same

MRS physicist for all participants (Dr. Zuo)).

GABA+ concentrations are reported as GABA+/water (using water as an external reference,
reported in mM), and partial-volume effect (i.e., tissue types in the voxels) was corrected. Water was
chosen as the quantitation normalizer instead of the more conventional creatine because brain creatine is
an important component in the brain energetic system. Thus, its level is sensitive to several factors,
including rates of adenosine triphosphate (ATP) turnover, food intake such as creatine supplements and
age (27,28). Also, the stress induction used in this study may have impacted the rate of brain ATP
turnover due to increased workload to maintain function under stress. Furthermore, we were not able to
control the daily activities or food intake of participants. For these reasons, we chose to use unsuppressed
water signal, which was likely a more stable quantity given the study features. The MRS signal is subject
to different proton densities, T1 and T2 relaxation times in gray matter (GM), white matter (WM), and

cerebrospinal fluid (CSF) (29). Therefore, the volume fractions of different tissue types in our MRS voxel
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ROIs have been calculated by segmenting each participant’s T1 image in SPM12 and reconstructing the
MRS voxels to assess % grey matter. Partial volume effects on metabolite concentrations have been
corrected as we described before (30,31). LCModel fitting of the MRS data was assessed for quality
based on Cramer-Rao Lower Bound (CRLB) values of <15% and signal-to-noise ratios of >20;
additionally, spectra (Figure S1) were visually assessed by MR physicists (Drs. Chen and Du) to exclude
anyone with the severe baseline distortions, excluding one participant (final N = 114). GABA MRS data

were not acquired for 5 participants (4 HC, 1 rtMDD).

FIGURE S1. Images illustrating the voxel placement for the (A) left dorsolateral prefrontal cortex
(DLPFC) and (B) rostral anterior cingulate cortex (rACC). Voxel placement is presented in sagittal,

coronal, and axial views on a single subject for each region.
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FIGURE S2. GABA+-edited (difference) spectrum showing metabolite fitting lines as estimated with
LCModel, depicting the GABA+-edited spectrum (dark blue), fitting line (orange), total NAA (tNAA;
purple), GABA+ (light blue), glutamate+glutamine (GlIx; green), and residuals (grey).

Blood cortisol collection and analysis

Trained technicians or nurses inserted a saline-lock IV line in the forearm. Blood acquisition commenced
60-80 minutes before participants entered the MRI scanner, with an in-scanner blood draw (baseline) one
hour after entering the scanner, after the MRS scan and just prior to the start of the stressor (MASTO). All
other blood draws were timed to the beginning of the MAST stressor. A 15-min in-scanner blood sample
was drawn after the completion of the stressor (MAST15), followed by a 30-min in-scanner blood draw
(MAST30) and 60-min (MAST60) and 90-min (MAST90) blood draws, out-of-scanner in a quiet room.

Three additional blood draws occurred outside the scanner for a separate task to be published elsewhere.
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Subjects remained inside the bore of the magnet during in-scanner blood draws. The timing of these blood
draws was based on the expected peak response (following the onset of the stressor) of cortisol between
10 and 60 min after stress onset. Hormonal data were missing or not reported for some subjects due to
gaps in nursing coverage, or poor IV access preventing blood acquisition during scanning (10 HC; 13
MDD, 10 rMDD). For those with partial data, when MASTO and at least one other timepoint were
available, missing timepoints were imputed using mixed-models regression. Approximately 5-20 mL of
blood was sampled at each time point, allowed to clot for 30 min, spun in a refrigerated centrifuge,
aliquoted, and stored frozen at -80°C. Cortisol was analyzed in duplicate with a commercial immunoassay
kit (0.04 ug/dL; 4.4—6.7%; Immunoradiometric Assay (IRMA), DiaSorin, Inc., Stillwater, MN). Blood
cortisol changes from stress were quantified using area under the curve (AUC) calculations (32). Area
under the curve with respect to ground (AUCg) estimates the magnitude of the cortisol response overall
and area under the curve with respect to increase from baseline (AUC1) estimates the magnitude of the
cortisol response from an individual’s baseline. Due to gaps in nurses’ coverage and difficulty obtaining

blood, 33 participants (10 HC, 13, MDD, 10 rMDD) did not have cortisol AUCi measurements.

Network Maps

We ran a group ICA of the task fMRI data; this step temporally concatenated all runs and participants
using MELODIC in FSL. Following our recent work, we selected model order 40 group ICA results for
analyses. Based on Menon’s triple network model (33) and regions of interest for stress tasks (34), a
priori task networks of interest were: 1) right frontoparietal control network (FPN; main text Figure 2A);
2) a stress-related ventromedial prefrontal, striatal, anterior cingulate cortex network (vmPFC-Str-ACC;
Figure 2B); 3) salience network (Figure 2C); 4) a second stress-related network including temporal
regions, the insula, and amygdala (Temp-Ins-Amyg; Figure 2D); and 5) the default mode network (DMN;
Figure 2E). A maximum of 5 networks were selected to reduce multiple comparisons. Seminal work

comparing functional activation between task and rest (35) showed that the right FPN corresponded with
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perception—somesthesis—pain, whereas the left FPN corresponded with cognition-language. Therefore,
although the left FPN was among the 40 components for the group ICA, to limit the number of
comparisons, we selected the right FPN for stress-related activation because we thought this would be the

most likely of the two to show stress-related activation following our manipulation.

Independent component analysis of functional data

The set of five spatial maps (main text Figure 2) from the group-average analysis were used to generate
participant-specific versions of the spatial maps, and associated timeseries, using dual regression (36,37).
First, for each participant, the full set of independent component (IC) maps was regressed (as spatial
regressors in a multivariate regression) into the participant's 4D task fMRI dataset. This resulted in a set
of participant-specific time series, one per group IC spatial map. Next, those timeseries were regressed (as
temporal regressors, again in a multiple regression) into the same 4D dataset, resulting in a set of
participant-specific spatial maps, one per group-level spatial map. We then tested for within- and
between-group differences using network modeling (38). First, we used the participant-specific timeseries
from dual regression to create between-network connectivity matrices for each pair of networks using
FSLNETS v0.6 (39) with non-aggressive removal of other network effects. To control for collinearity
between the networks, we estimated partial correlation coefficients via Ridge Regression (with rho =
0.01) in FSLNets. Partial correlation r-values were converted to z-statistics with Fisher's transformation
(38). Network amplitude (how much a given network deviates from its own mean) was also estimated for

each of the networks of interest, using the diagonal of the covariance matrix.
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Network modelling and statistical analysis

For repeated measures (main outcome network variables, self-report), mixed effects regressions were
conducted using the ImerTest package in R (40), a method that efficiently handles non-independence of
repeated measures. GABA+ and cortisol AUCi outliers were determined by Cook’s Distance for the

group x sex linear model, with a standard cut off of 4/N.

Supplemental Results

Affective Ratings

Group differences in affective response to stress (post-pre) were analyzed using linear regression
for state anxiety (STAI-S), positive and negative affect and visual analogue scales with a between-
subjects factors of group (HC, MDD, rMDD) and sex (male, female). For all affective rating measures
there were significant main effects of stress (Figure S3), indicating that the stressor increased negative
affect and decreased positive affect across participants. After Bonferroni correction there was a trend
group * sex interaction on hostility ratings (uncorrected p=0.02), with the female MDD group showing
greater hostility changes from stress than the male MDD group. There was also a trend group * sex
interaction on positive affect (uncorrected p=0.03), driven by the female rMDD group showing greater
decreases in positive affect from stress than the male MDD group. As the difficulty of the MIST is set

high to induce stress, accuracy in the MIST task typically reaches a floor and therefore is not analyzed.
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FIGURE S3. Affective rating changes from stress

GABA MRS

There were no significant effects of group, sex or their interaction in DLPFC GABA (all p>0.06).

Across all participants, rACC GABA+ showed a trend positive correlation with rACC gray matter (GM)
(r(103)=0.18, p=0.06) whereas DLPFC GABA+ showed a significant negative correlation (r(108)=-0.21,
p=0.03). When evaluating healthy controls only the rACC correlation strengthened (r(30)=0.44, p=0.01)
but the DLPFC correlation lost significance r(30)=-0.18, p=0.33). To further explore potential factors
affecting the relationship between GABA+ and GM, we fit linear models for both GABA+ voxels
predicting GABA+ by GM*group*sex. There were no significant interactions of GM with group or sex

(all p>0.16).
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FIGURE S4. Overlap between Salience network and approximate location of rostral anterior cingulate

MRS voxel (35 x 20 x 25 mm3)

Dimensional relationships between GABA and stress-related changes in cortisol, circuitry and affect

To aid interpretation and investigate further relationships between our multiple measures, correlational
analyses were run across all participants relating GABA+ and all significant stress-related-changes in

networks, cortisol and affective ratings. See Figure S5 for all significant associations.
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FIGURE SS5: Significant associations between stress-related changes in cortisol, networks and
affect. Correlation plot shows only significant correlations (p<0.05, uncorrected). FPN: Right
frontoparietal network; vmPFC-Str-ACC: Ventromedial prefrontal cortex, ventral striatum and anterior
cingulate cortex; SN: Salience network; Temp-Ins-Amyg: Temporal-insula-amygdala network; DMN:
Default mode network; STAI: Spielberger State Trait Anxiety Inventory — state. Coefficient shown is
Pearson’s r. These measures are meant to be exploratory and would not all survive correction for

multiple comparisons.

Across all participants, the stress-related increase in vmPFC-Str-ACC amplitude was associated with
stress-related decreases in Temp-Ins-Amyg amplitude (r(112)=-0.25, p=0.008) and stress-related
increases in FPN« vmPFC-Str-ACC connectivity (r(94)=0.32, p=0.001), suggesting further potential

between network interdependencies over the course of the stressor. Moreover, the stress-related decrease
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in DMN amplitude was associated with increased ratings of hostility (r(100)=-0.22, p=0.03), tenseness
(r(102)=-0.20, p=0.04) and state-anxiety (r(100)=-0.20, p=0.04), suggesting a potential relationship
between increases in negative affect and decreases in DMN amplitude from stress. The stress-related
decrease in FPN amplitude was associated with cortisol AUCi (1(84)=-0.24, p=0.02) and stress-related
reductions in DMN e Temp-Ins-Amyg connectivity (r(117)=0.18, p=0.05), suggesting that greater cortisol

is associated with reduced engagement of the FPN.

The DLPFC GABA-related decrease in overall FPN amplitude was associated with stress-related
increases in FPN«—DMN connectivity (r(94)=-0.22, p=0.03) suggesting a potential relationship between
reduced top-down activation overall and increased top-down control of self-referential networks. The
group and cortisol-related changes in FPN«—Temp-Ins-Amyg connectivity were also associated with
increased ratings of hostility (r(74)=0.38, p<0.001), positively associated with stress-related change in
FPN—DMN connectivity (r(84)=0.29, p=0.007) and negatively associated with stress-related change in
DMNSN connectivity (1(79)=-0.27, p=0.03), suggesting that stress-related increased in top-down
connectivity between the FPN and a stress task network and self-referential network could be associated
with reductions in evaluative/self-referential connectivity. Potentially linked to this, the sex- and cortisol-
related changes in SN«+>Temp-Ins-Amyg connectivity were also negatively associated with stress-related
change in DMN—SN connectivity (1(79)=-0.24, p=0.05), suggesting that increased evaluation of the

stress signals may result in less evaluation of self-referential thoughts.

Sensitivity Analysis of Power

Sensitivity analyses based on 1000 Monte Carlo simulations of the data from the FPN network were
carried out using the simr package in R to determine the smallest effect size that was detectable at 80%
power. For the main effect of group (follow-up contrast of MDD vs. HC), the 95% confidence interval
(CI) to detect an effect size (beta) of 0.12 was 76.65-81.77. For the main effect of stress (follow-up

contrast of post-MAST 2 vs. baseline), the 95% CI to detect an effect size (beta) of 0.09 was 75.72-80.91.
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For the group * stress interaction (follow-up contrast of run2H vs. baseline, MDD vs. HC) the 95% CI to
detect an effect size (beta) of 0.13 was 77.49 - 82.53. For the sex * group interaction (follow-up contrast
of Female vs. Male, MDD vs. HC) the 95% CI to detect an effect size (beta) of 0.25 was 77.18 - 82.25.
For the sex * group * stress interaction (follow-up contrast of Female vs. Male, MDD vs. HC run2H vs.

baseline) the 95% CI to detect an effect size (beta) of 0.25 was 75.93 - 81.10.

Page 16 of 26



TABLE S1. Demographics and Clinical Scores — All participants. BDI: Beck Depression Inventory; HDRS: Hamilton Depression Rating
Scale; STAI-T: State-Trait Anxiety Inventory — Trait anxiety, QIDS: Quick Inventory of Depressive Symptomatology, MASQ: Mood and Anxiety
Symptom Questionnaire, rACC: rostral anterior cingulate cortex, DLPFC: dorsolateral prefrontal cortex

Measure HC MDD rMDD Three group comparison MDD v rMDD

N 44 44 42

Female 21 22 22 F(2,127)=0.09,p=0.9 t(84)=0.21,p=0.8

Age 21.36 (2.30) 20.84 (2.12) 21.59(1.98) F(2,127)=1.40,p=0.2 t(84)=1.70,p=0.1

Years of Education 15.09 (2.27) 14.41 (1.84) 15.02 (1.51) F(2,123)=1.63,p=0.2 t(81)=1.33,p=0.1

Race: Asian (n) 12 7 5

Race: Black (n) 5 5 2

Race: White (n) 22 25 28

Race: Native Hawaiian (n) 0 0 1

Race: Multi-racial (n) 4 3 5

Race: Unknown (n) 1 4 1

BDI (mean, median, interquartile range IQR) 0.32, 0 (0-0) 28.92, 29 (25-33) 1.37,1(0-2) H(3)=83,p<0.001 W =1369, p < 0.001

Hamilton Depression Rating Scale (mean, median, IQR) 0.35, 0 (0-0) 16.43, 16 (14-19) 1.17,1(0-2) H(3)=383,p<0.001 W = 1443, p < 0.001

Trait Anxiety (STAI-T) (mean, SD) 26.34 (4.30) 61.47 (7.59) 33.31(7.51) F(2,112)=297.32,p<0.001  t(75) = 16.36, p < 0.001

QIDS (mean, median, IQR) 0.43, 0 (0-1) 14,13 (12-16.5)  0.71,0(0-1) H(3) = 67, p <0.001 W = 1026, p < 0.001

Snaith-Hamilton Pleasure Scale (mean, SD) 20.76 (5.78) 35.05 (5.92) 21.49 (5.42) F(2,111)=176.33, p <0.001 t(74) =10.42, p < 0.001

MASQ - Anxious Arousal (mean, median, IQR) 17.47,17  29.18,25.5(22.25-  18.06, 17 (17- H(3) =57, p <0.001 W =1229, p <0.001
17-18 34 18.25

MASQ - General Distress (Anxious) (mean, median, IQR) 12(.1211,1132) 26.05, 24 (18-33§ 1113.23;1,1143) H(3) =65, p <0.001 W =1368, p < 0.001

MASQ - General Distress (Depression) (mean, median, 12(.21, 12) 41.90, 43 (35-48.5) 1(4.36, 13.5) H(3) =83, p<0.001 W = 1404, p < 0.001

IQR) (12-13) (12-17)

MASQ - Anhedonic Depression (mean, median, IQR) 44.3866_,5422) 85.72,86 (80-92)  52.00, 50 (161421) H@3)=73,p<0.001 W =1317, p < 0.001

Number of MDD episodes (mean, median, IQR) : - 2 (1-3) 1(1-2) W =1230, p = 0.004

Age of first MDD onset (mean, SD) - 16.84 (3.49) 17.61 (2.40) t(76)= 1.19,p=0.2

AUCi (mean, SD) 174 (255) 97.7 (230) 371 (258)

rACC GABA (mean, SD) 1.19 (0.16) 1.10(0.13) 1.10 (0.16)

DLPFC GABA (mean, SD) 1.05 (0.13) 1.06 (0.11) 1.08 (0.10)

AUCiI outliers 2 2 4

rACC GABA outliers 2 3 0

DLPFC GABA outliers 2 3 0

Page 17 of 26



TABLE S2. Demographics and Clinical Scores — Participants with blood collected. BDI: Beck Depression Inventory; HDRS: Hamilton

Depression Rating Scale; STAI-T: State-Trait Anxiety Inventory — Trait anxiety, QIDS: Quick Inventory of Depressive Symptomatology, MASQ:

Mood and Anxiety Symptom Questionnaire, rACC: rostral anterior cingulate cortex, DLPFC: dorsolateral prefrontal cortex

Measure HC MDD rMDD Three group comparison MDD v rMDD
N 32 29 28
Female 13 16 14 F(2,86)=0.66,p=0.5 t(55)=0.38,p=0.7
Age 21.22 (2.31) 20.62 (1.87) 21.54(2.12) F(2,86)=1.38,p=0.3 t(54)=1.72,p=0.1
Years of Education 14.9 (2.17) 14.31 (1.65) 14.85(1.33) F(2,86)=1.01,p=04 t(53)=1.38,p=0.2
Race: Asian (n) 8 4 4
Race: Black (n) 1 2 1
Race: White (n) 18 17 18
Race: Native Hawaiian (n) 0 0 0
Race: Multi-racial (n) 4 2 4
Race: Unknown (n) 1 4 1
BDI (mean, median, interquartile range IQR) 0.17,0, (0-0) 27.48, 28 (23-33) 1.21,1(0-2) H@)=58,p<0.001 W =552, p<0.001
Hamilton Depression Rating Scale (mean, 0.32,0,(0-0) 16.82,16(14-20) 1.16,0.5(0-1.75) H(3)=54,p<0.001 W =572, p<0.001
median, IQR)
Trait Anxiety (STAI-T) (mean, SD) 25.93 (3.68) 61.29 (7.86) 33(8.09) F(2,76) =196.98, p < t(48) =12.53,p <
0.001 0.001
QIDS (mean, median, IQR) 0.42,0(0-0) 13.5,13(12-14) 0.69,0 (0-1) H(3)=48,p<0.001 W =494, p <0.001
Snaith-Hamilton Pleasure Scale (mean, SD) 20.51 (5.38) 35.08 (5.84) 21.72 (5.39) F(Q2,75)=53.67,p<0.001 t(46)=8.31,p<
0.001
MASQ - Anxious Arousal (mean, median, IQR) 17.48, 17 (17- 27.74,24 (22-32) 18.08,17 (17-18) H(3)=42,p<0.001 W =533, p<0.001
18
MASQ - General Distress (Anxious) (mean, 12.24,12 (1 1? 25.83,24 (18-33)  13.5,13 (12-14) H(3)=44,p <0.001 W =580, p <0.001
median, IQR) 12)
MASQ - General Distress (Depression) (mean, 12.57,12 (12- 40.21,40.5 13.84,13 (12-15) H(3)=55,p <0.001 W =600, p<0.001
median, IQR) 13) (33.75-45.5)
MASQ - Anhedonic Depression (mean, median, 44.93, 42 (35- 84.37, 85 (80- 52.24,48 (42-64) H(3)=46,p <0.001 W =542, p<0.001
IQR) 54) 91.5)
Number of MDD episodes (mean, median, IQR) 2 (1-3) 1 (1-1.25) W =1598, p<0.001
Age of first MDD onset (mean, SD) 16.38 (3.5) 17.75 (2.08) t(46) = 1.80,p=0.1
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TABLE S3. Study Sample size for each measure

HC: Healthy control; MDD: Current major depressive disorder; rMDD: remitted major depressive disorder.

fMRI rACC DLPFC
Group data GABA+ GABA+ Cortisol
HC (N) 42 30 30 32
MDD (N) 41 37 41 29
rMDD (N) 41 36 38 28
Total 124 103 109 89

TABLE S4. Mixed effects models

Dependent variable (network(s) of
interest) and tests evaluated

Mixed effects model

Default mode network (DMN)

(1) stress, (2) group, (3) sex, (4) group
x seX, (5) sex x stress, (6) group x
stress, (7) group x sex x stress, (8-10)
group X sex x stress x cortisol/ rACC
GABA/DLPFC GABA,(11-13) sex x
stress x cortisol/ rACC GABA/DLPFC
GABA, (14-16) group x stress x
cortisol/ rACC GABA/DLPFC GABA,
(17-19) stress x cortisol/ rACC
GABA/DLPFC GABA

DMN_A ~ group x sex x run + (1|subject)

DMN_A ~ group % sex x run x cortisol AUCi + (1|subject)

DMN_A ~ group x sex x run X TACC_GABA + (1|subject)

DMN_A ~ group x sex X run X DLPFC_GABA + (1|subject)

Frontoparietal network (FPN)
amplitude

(1) stress, (2) group, (3) group x stress,
(4-6) group x stress x cortisol/ rACC
GABA/DLPFC GABA, (7-9) stress x
cortisol/ rACC GABA/DLPFC GABA

FPN_A ~ group x sex X run + (1|subject)

FPN_A ~ group x sex X run x cortisol AUCi + (1|subject)

FPN_A ~ group X sex x run x TACC_GABA + (1|subject)

FPN_A ~ group x sex x run x DLPFC_GABA + (1|subject)

Salience network (SN) amplitude

SN_A ~ group x sex X run + (1|subject)
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(2) stress, (2) group, (3) group X stress,
(4-6) group x stress x cortisol/ rACC
GABA/DLPFC GABA, (7-9) stress x
cortisol/ rACC GABA/DLPFC GABA

SN_A ~ group x sex x run X cortisol AUCIi + (1|subject)

SN_A ~ group % sex X run X rACC_GABA + (1]subject)

SN_A ~ group x sex % run x DLPFC_GABA + (1|subject)

Ventromedial prefrontal cortex — striatal
— anterior cingulate cortex network
(vmPFC-Str-ACC) network amplitude

(2) stress, (2) group, (3) group x stress,
(4-6) group x stress x cortisol/ rACC
GABA/DLPFC GABA, (7-9) stress x
cortisol/ rACC GABA/DLPFC GABA

vmPFC-Str-ACC_A ~ group x sex X run + (1|subject)

vmPFC-Str-ACC_A ~ group x sex X run x cortisol AUCi + (1|subject)

vmPFC-Str-ACC_A ~ group X sex X run X TACC_GABA + (1|subject)

vmPFC-Str-ACC_A ~ group X sex x run x DLPFC_GABA + (1|subject)

Temporal — insula — amygdala (Temp-
Ins-Amyg) network amplitude

(2) stress, (2) group, (3) group x stress,
(4-6) group x stress x cortisol/ rACC
GABA/DLPFC GABA, (7-9) stress x
cortisol/ rACC GABA/DLPFC GABA

Temp-Ins-Amyg_ A ~ group X sex x run + (1|subject)

Temp-Ins-Amyg_A ~ group x sex x run x cortisol AUCi + (1|subject)

Temp-Ins-Amyg A ~ group x sex x run x TACC_GABA + (1|subject)

Temp-Ins-Amyg A ~ group X sex x run X DLPFC_GABA + (1|subject)

DMN x FPN connectivity

(2) stress, (2) group, (3) group x stress,
(4-6) group x stress x cortisol/ rACC
GABA/DLPFC GABA, (7-9) stress x
cortisol/ rACC GABA/DLPFC GABA

DMN x FPN ~ group x sex X run + (1|subject)

DMN x FPN ~ group x sex x run x cortisol AUCi + (1|subject)

DMN x FPN ~ group x sex X run x rACC_GABA + (1|subject)

DMN x FPN ~ group x sex x run x DLPFC_GABA + (1|subject)

DMN x SN connectivity

(2) stress, (2) group, (3) group x stress,
(4-6) group x stress x cortisol/ rACC
GABA/DLPFC GABA, (7-9) stress x
cortisol/ rACC GABA/DLPFC GABA

DMN x SN ~ group x sex x run + (1|subject)

DMN x SN ~ group x sex X run x cortisol_AUCi + (1|subject)

DMN x SN ~ group x sex x run x rACC_GABA + (1|subject)

DMN x SN ~ group x sex x run x DLPFC_GABA + (1|subject)

DMN x vmPFC-Str-ACC connectivity

(1) stress, (2) group, (3) group x stress,
(4-6) group x stress x cortisol/ rACC
GABA/DLPFC GABA, (7-9) stress x
cortisol/ rACC GABA/DLPFC GABA

DMN x vmPFC-Str-ACC ~ group X sex x run + (1|subject)

DMN x vmPFC-Str-ACC ~ group X sex % run x cortisol AUCi + (1|subject)

DMN x vmPFC-Str-ACC ~ group % sex x run x TACC_GABA + (1|subject)

DMN x vmPFC-Str-ACC ~ group % sex x run x DLPFC_GABA + (1|subject)

DMN x TIA connectivity

DMN x Temp-Ins Amyg ~ group x sex x run + (1|subject)
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(2) stress, (2) group, (3) group X stress,
(4-6) group x stress x cortisol/ rACC
GABA/DLPFC GABA, (7-9) stress x
cortisol/ rACC GABA/DLPFC GABA

DMN x Temp-Ins Amyg ~ group x sex x run X cortisol_AUCi + (1|subject)

DMN x Temp-Ins Amyg ~ group x sex x run x rACC_GABA + (1|subject)

DMN x Temp-Ins Amyg ~ group x sex X run x DLPFC_GABA + (1|subject)

FPN x SN connectivity

(2) stress, (2) group, (3) group X stress,
(4-6) group x stress x cortisol/ rACC
GABA/DLPFC GABA, (7-9) stress x
cortisol/ rACC GABA/DLPFC GABA

FPN x SN ~ group % sex x run + (1|subject)

FPN x SN ~ group X sex x run x cortisol AUCi + (1|subject)

FPN x SN ~ group x sex x run X TACC_GABA + (1|subject)

FPN x SN ~ group X sex x run x DLPFC_GABA + (1|subject)

FPN x vimPFC-Str-ACC connectivity

(2) stress, (2) group, (3) group x stress,
(4-6) group x stress x cortisol/ rACC
GABA/DLPFC GABA, (7-9) stress x
cortisol/ rACC GABA/DLPFC GABA

FPN x vimPFC-Str-ACC ~ group x sex X run + (1|subject)

FPN x vimPFC-Str-ACC ~ group x sex x run x cortisol AUCIi + (1|subject)

FPN x vmPFC-Str-ACC ~ group x sex x run x rACC_GABA + (1|subject)

FPN x vimPFC-Str-ACC ~ group x sex x run X DLPFC_GABA + (1|subject)

FPN x Temp-Ins Amyg connectivity

(2) stress, (2) group, (3) group x stress,
(4-6) group x stress x cortisol/ rACC
GABA/DLPFC GABA, (7-9) stress x
cortisol/ rACC GABA/DLPFC GABA

FPN x Temp-Ins Amyg ~ group % sex x run + (1|subject)

FPN x Temp-Ins Amyg ~ group X sex x run X cortisol AUCi + (1|subject)

FPN x Temp-Ins Amyg ~ group X sex X run X TACC_GABA + (1|subject)

FPN x Temp-Ins Amyg ~ group x sex X run X DLPFC_GABA + (1|subject)

SN x vimPFC-Str-ACC connectivity

(2) stress, (2) group, (3) group x stress,
(4-6) group x stress x cortisol/ rACC
GABA/DLPFC GABA, (7-9) stress x
cortisol/ rACC GABA/DLPFC GABA

SN x vimPFC-Str-ACC ~ group X sex X run + (1|subject)

SN x vmPFC-Str-ACC ~ group x sex X run x cortisol AUCi + (1|subject)

SN x vmPFC-Str-ACC ~ group x sex x run x rACC_GABA + (1|subject)

SN x vimPFC-Str-ACC ~ group % sex x run x DLPFC_GABA + (1|subject)

SN x Temp-Ins Amyg connectivity

(1) stress, (2) group, (3) group x stress,
(4-6) group x stress x cortisol/ rACC
GABA/DLPFC GABA, (7-9) stress x
cortisol/ rACC GABA/DLPFC GABA

SN x Temp-Ins Amyg ~ group x sex x run + (1|subject)

SN x Temp-Ins Amyg ~ group x sex x run x cortisol_AUCi + (1|subject)

SN x Temp-Ins Amyg ~ group x sex x run X rACC_GABA + (1|subject)

SN x Temp-Ins Amyg ~ group x sex X run X DLPFC_GABA + (1|subject)

vmPFC-Str-ACC x Temp-Ins Amyg ~ group % sex x run + (1|subject)
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vmPFC-Str-ACC x Temp-Ins Amyg
connectivity

(2) stress, (2) group, (3) group x stress,
(4-6) group x stress x cortisol/ rACC
GABA/DLPFC GABA, (7-9) stress x
cortisol/ rACC GABA/DLPFC GABA

vmPFC-Str-ACC x Temp-Ins Amyg ~ group X sex X run X cortisol AUCi + (1|subject)

vmPFC-Str-ACC x Temp-Ins Amyg ~ group x sex x run x rACC_GABA + (1|subject)

vmPFC-Str-ACC x Temp-Ins Amyg ~ group x sex x run X DLPFC_GABA + (1|subject)
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