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ABSTRACT

BACKGROUND: Understanding the neurobiological effects of stress is critical for addressing the etiology of major
depressive disorder (MDD). Using a dimensional approach involving individuals with differing degree of MDD risk, we
investigated 1) the effects of acute stress on cortico-cortical and subcortical-cortical functional connectivity (FC) and
2) how such effects are related to gene expression and receptor maps.

METHODS: Across 115 participants (37 control, 39 remitted MDD, 39 current MDD), we evaluated the effects of
stress on FC during the Montreal Imaging Stress Task. Using partial least squares regression, we investigated genes
whose expression in the Allen Human Brain Atlas was associated with anatomical patterns of stress-related FC
change. Finally, we correlated stress-related FC change maps with opioid and GABA, (gamma-aminobutyric acid
A) receptor distribution maps derived from positron emission tomography.

RESULTS: Results revealed robust effects of stress on global cortical connectivity, with increased global FC in
frontoparietal and attentional networks and decreased global FC in the medial default mode network. Moreover,
robust increases emerged in FC of the caudate, putamen, and amygdala with regions from the ventral attention/
salience network, frontoparietal network, and motor networks. Such regions showed preferential expression of genes
involved in cell-to-cell signaling (OPRM1, OPRK1, SST, GABRA3, GABRAS5), similar to previous genetic MDD studies.
CONCLUSIONS: Acute stress altered global cortical connectivity and increased striatal connectivity with cortical
regions that express genes that have previously been associated with imaging abnormalities in MDD and are rich in
and « opioid receptors. These findings point to overlapping circuitry underlying stress response, reward, and MDD.

https://doi.org/10.1016/j.biopsych.2024.02.005

Acute stress has substantial effects on brain function (1) and
cognitive processes (2) that help humans adapt and flexibly
respond to the environment (3). However, when stress is
chronic, severe, or perceived as uncontrollable, it can detri-
mentally impact health, especially in individuals with increased
vulnerability to major depressive disorder (MDD) (4-6).
Consistent with this, dysfunctional stress systems have been
implicated in a number of disorders, most notably MDD.
Specifically, stressful life events are likely to trigger a major
depressive episode for many individuals (7). These effects of
severe stressors may stem from interactions between the
stress and reward-processing systems (5).

The neurochemical changes that facilitate an organism’s
response to stress work in different spatial and temporal do-
mains (3). Acute stress is typically associated with increased
autonomic and central nervous system arousal that allows for
high behavioral flexibility, adaptive allocation of cognitive re-
sources, and attention switching (2,8,9). Increased vigilance
and alertness that allow an organism to immediately assess
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and respond to a stressor are typically subserved by the rapid
activation of the monoamine system, including the release of
noradrenaline from the locus coeruleus (10) and serotonin from
the dorsal raphe as well as recruitment of the prefrontal cortex
(3). For example, neuroimaging studies have shown increased
connectivity and activation of the salience/ventral attention
network during acute stress (1). These changes are accom-
panied and modulated by increased levels of corticotropin-
releasing factor (3). Conversely, the effects of corticosteroids
occur on a slower timescale (11) and preferentially target the
hippocampus (3,12). Plasma corticosterone levels peak about
20 to 30 minutes following the stressor, and brain levels of
corticosterone peak minutes later (12,13) and can suppress
noradrenergic activity, leading to stress relief (3). During the
stress termination phase, endogenous opioids such as
enkephalin are thought to activate |1 opioid receptors (14),
which leads to a shift toward lower tonic and increased phasic
locus coeruleus activity (8). Activation of the p opioid receptors
in the amygdala has also been linked to coping with stress (15).
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Moreover, stress increases amygdala activation and connec-
tivity to the striatum (16), potentiating stimulus-response
learning (17). In a well-functioning stress system, the hippo-
campus regulates the release of corticosteroids (18,19), which
can trigger the release of endorphins (20), thus leading to
termination of the stress response.

Convergent evidence from animal and human studies impli-
cates the opioid system in stress response. For example, the
endogenous opioid system exerts analgesic effects under
stressful conditions (21-23). In monkeys, a single nucleotide
polymorphism in the p opioid receptor influenced individual
variability in stress response (24). The opioid system has also
been implicated in MDD because women with MDD showed
lower p opioid receptor availability than healthy women (25), with
lower p opioid receptor availability being linked to negative
mood. In addition, animal models have shown that stress-
induced release of corticotropin-releasing hormone leads to «
opioid activation and downstream extracellular serotonin avail-
ability, linked to dysregulated emotion and motivation (26,27).
Therefore, k opioid signaling is a novel target in the treatment of
depression (28-30) and in stress-related disorders more gener-
ally. In addition, preclinical studies have described upregulation
of nociceptin (NOP) receptor signaling in stress responses, and
NOP blockage has antidepressant-like effects (31,32).

However, more evidence is needed to understand the
neurobiological effects of stress on functional connectivity (FC)
in individuals with varying MDD vulnerability (e.g., healthy
control participants, individuals with remitted depression, in-
dividuals with current depression). Neuroimaging modalities do
not provide information about molecular properties of brain
tissue, but transcriptomic similarity analyses (33,34) can pro-
vide insight into the molecular correlates of stress responses/
regulation (35-37). Previous studies of imaging transcriptomics
have consistently implicated somatostatin-expressing cells in
MDD (34,38). Notably, a large-scale analysis of the ENIGMA
(Enhancing Neuro Imaging Genetics through Meta Analysis)
data has shown cortical thinning in MDD in areas with higher
proportions of microglia and astrocytes (39). As a result, MDD
has been hypothesized to be driven in part by interneuron and
glial dysfunction and by dysregulated apoptosis and neuro-
inflammation processes more generally (39-41). Imaging
transcriptomics has not yet been applied in the context of
acute, provoked stress, and it may help improve our under-
standing of the transcriptomic signal common to MDD and
stress circuitry. It is a promising method (36,41,42) that iden-
tifies genes with anatomical expression maps that are similar
to the brain maps of the effects measured using noninvasive
magnetic resonance imaging (MRI).

We hypothesized that a potent psychosocial stressor that
included the Montreal Imaging Stress Task (MIST) paradigm
(43) would increase the connectivity of salience and fronto-
parietal networks to cortical and subcortical regions in healthy
participants and those with current and remitted MDD. In
addition, given the role of the opioid system in stress and
reward processing, we expected stress to strengthen FC be-
tween subcortical regions rich in opioid receptors (e.g., nu-
cleus accumbens) and between the amygdala and cortical
regions that show high levels of |1 and k opioid and NOP re-
ceptors. Taken together, the findings uncover imaging corre-
lates of stress, highlighting the role of the opioid system
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alongside other molecular markers such as somatostatin
neurons.

METHODS AND MATERIALS

Participants

One hundred thirty unmedicated participants (ages 18-25
years), stratified by sex, were recruited from the community.
Among these, 129 participants completed multimodal imaging
(functional MRI [fMRI]) while undergoing negative stress par-
adigms. Our sample included 44 healthy control participants,
42 euthymic individuals with remitted MDD, and 43 individuals
with current MDD (all participants were unmedicated). Female
participants were scanned during the follicular phase of their
menstrual cycle. Participants were excluded if their MRI data
did not pass quality control, which resulted in 125 participants
with at least one run of usable fMRI data (see the Supplement).
After quality checks of excessive motion during baseline or
stress conditions, the final sample included 115 participants
(37 control, 39 active MDD, and 39 remitted MDD). Participants
provided written informed consent, and ethical approval was
obtained from the Massachusetts General Brigham Institu-
tional Review Board. Participants completed the Structured
Clinical Interview for DSM-5, which was administered by a
masters- or Ph.D.-level clinical interviewer. Exclusion criteria
included other comorbid psychiatric disorders (except for mild
cannabis use disorders in active or remitted MDD, simple
phobia, social anxiety, and generalized anxiety disorder if
secondary to MDD), use of psychoactive drugs, past
moderate-severe substance use disorder, and more than 5
alcohol-related blackouts (see the Supplement for full details,
including how remitted MDD was defined). An overview of the
study procedures is shown in Figure S1 in Supplement 1.

Data Processing

MRI Acquisition. High-resolution functional and structural
MRI data were acquired on a 3T Siemens MAGNETOM Prisma
scanner (Siemens Medical Systems) with a 64-channel head
coil (44) (Supplement).

fMRI Processing. Functional and structural MRI data were
preprocessed using fMRIPrep. Following preprocessing, we
regressed out 24 motion parameters (45): 6 motion parame-
ters, average signal from the white matter and cerebrospinal
fluid and their first- and second-order temporal derivatives,
and applied a 6-mm smoothing kernel. fMRIPrep outputs were
registered from the Nlin6 (MNI152) space to the FreeSurfer
fsaverage space (mri_vol2surf). We used the HCP (Human
Connectome Project) cortical parcellation in fsaverage surface
space, averaging across pairs of 180 bilateral regions (46), and
the Harvard-Oxford Atlas subcortical parcellation in MNI152
volumetric space to extract time series. We obtained global
cortical FC measures for all cortical regions by calculating a
180 X 180 connectivity matrix between each pair of bilateral
regions in the HCP parcellation, excluding the values along the
diagonal, and averaging each of the 180 rows. We also con-
structed subcortical-to-cortical connectivity maps for the left
and right nucleus accumbens, caudate, putamen, amygdala,
and hippocampus.
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Allen Human Brain Atlas. Microarray data from the Allen
Human Brain Atlas (AHBA) were preprocessed and mapped to
the HCP parcellation using the abagen toolbox with default
settings (42). As part of the process, postmortem probes were
mapped onto the HCP parcellation (46), with 171 of 180 re-
gions mapping onto a microarray probe (Tables S1-S13 in
Supplement 2). We analyzed MRI statistics from only the left
hemisphere because 4 of the 6 AHBA donors only had sam-
ples taken from their left hemisphere.

Positron Emission Tomography Receptor Maps.
Average receptor distribution maps for [''Clcarfentanil and
['Clflumazenil in MNI152 space were obtained from Hansen
et al. (47), who obtained them from (48-50). Specifically, [''C]
carfentanil was used to map L opioid receptors (48,49), and
['Clflumazenil was used to map GABAA (gamma-aminobutyric
acid A) receptors (50). In addition, a k opioid receptor map was
obtained from 28 healthy participants who were studied by
Vijay et al. (51). The NOP receptor map was obtained from data
acquired from 68 healthy participants studied by Narendran
et al. (52) that were reanalyzed by our team using voxelwise
Logan graphical analysis. The mean receptor maps in MNI152
space are available upon request. All group average positron
emission tomography (PET) maps were derived from healthy
participants.

Cortisol. More details on blood sampling and cortisol pro-
cessing can be found in the Supplement [also see (9,44)].
Following previous studies (53), we calculated the increase in
cortisol between baseline and the time point after the hard MIST
stress condition using the area under the curve with respect to
ground method (53). Prior to the hard MIST condition, partici-
pants completed the Maastricht Acute Stress Test (MAST) (54).

Statistical Analysis

First, we used mixed-effects linear models in MATLAB version
R2022a (The MathWorks, Inc.) (fitime) to assess the effects of
stress, operationalized as the hard MIST condition compared
with baseline, on global cortical connectivity and subcortical-
to-cortical connectivity while covarying for clinical group sta-
tus, sex, age, and mean framewise displacement (FD) (model
1). To assess the within-participant effects of stress,
participant-level random intercepts were included. We also
tested for group X stress interactions, contrasting participants
with MDD with healthy control participants and participants
with remitted MDD with healthy control participants separately
(Supplement).

Model 1: FC ~ mean FD + sex + age + group + stress
+ (1| Participant)

Within each of the 11 sets of 180 tests for global cortical, left
and right accumbens, caudate, putamen, amygdala, and hip-
pocampus FC, we controlled for multiple comparisons using
false discovery rate (FDR) [Benjamini-Hochberg FDR (55)] g <
.05. The distribution of stress effects was plotted using the Yeo
7 network parcellation (56).
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Next, we tested spatial associations between the brain
maps reflecting the effects of stress on FC from the above
linear models with 1) postmortem gene expression maps ob-
tained from the AHBA and 2) anatomical maps of PET receptor
binding in the brain. We used partial least squares (PLS)
regression (33,57,58) to identify genes that showed an
anatomical expression map similar to the stress effect map.
The 171 X 15,631 predictor matrix in the PLS model had 171
rows for each of the HCP regions and 15631 genes that
passed quality control. We ran a total of 11 PLS models. In
each model, the outcome matrix was a 171 X 1 vector of t
statistics reflecting the effects of stress on global FC and on
FC of the left and right accumbens, caudate, putamen, hip-
pocampus, and amygdala with 171 cortical regions. We tested
the significance of the overall model using permutation testing
(n = 5000 permutations) (33,57). For each gene, we calculated
a bootstrapped weight reflecting the robustness of that gene’s
contribution to the model by dividing each gene’s weight in the
original PLS by the standard deviation of that gene’s weights in
the bootstrapped PLSs (n = 5000) (33). Since 11 PLS models
were fitted, the overall model significance was set at p < .0045
(-05/11 PLS models).

We also tested for spatial associations between anatomical
maps of PET receptor binding and stress effects on FC. To
assess significance after multiple comparison correction, we
set the p value at p < .0013 (.05 /10 regions/4 tracers).

Hypergeometric tests with area under the receiver oper-
ating curve analyses were used to test for enrichment of
MDD-related genes in a list of genes ranked by weights that
emerged from the PLS models (59). This analysis allowed us
to evaluate whether gene weights that emerged from the PLS
models were higher for genes that had been identified in
previous studies of MDD, including genome-wide associa-
tion studies (60) and transcriptomic similarity methods (34).
In addition, we performed the hypergeometric tests on the
triplet of somatostatin markers [SST, CORT, NPY (34)].
Finally, we used the clusterProfiler package in R (version
4.2.1) to test whether significant genes identified by our PLS
models (|Z| > 4) were associated with specific gene ontology
terms.

RESULTS

Main Effects of Stress on Global Cortical and
Subcortical FC

Global cortical connectivity was highest in sensorimotor areas
such as the visual cortex (Figure 1A). Critically, acute stress
increased global cortical connectivity of frontoparietal and
dorsal attentional areas and decreased global connectivity of
anterior and posterior medial default mode areas across all
participants (Figure 1C, E). Moreover, acute stress increased
connectivity of the striatum and the amygdala with ventral
attention and frontoparietal areas (Figure 1B, D, F). In partic-
ular, stress increased the connectivity of the accumbens,
caudate, putamen, and amygdala with the insular cortex. No
significant main effects of stress on left hippocampal, left
amygdala, and right accumbens connectivity to the cortex
were found after multiple comparison correction (FDR-cor-
rected p > .05).
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Figure 1. An overview of the study design adapted from Ironside et al. (44) is shown in (A). Effects of stress on global cortical connectivity (D) and on
subcortical-to-cortical connectivity of the left (C) and right (E) accumbens, caudate, putamen, hippocampus, and amygdala. Mean global FC across all
participants is shown in (B). Regional effects of stress on cortical and subcortical connectivity grouped by Yeo 7 network are plotted in (F) and (G). Bilateral
cortical regions [n = 180 (46)] were used. We showcase the t statistics to visualize the effects of stress. Significant regions are highlighted with a black outline.
Yeo 7 networks included the VIS, MOT, DA, VA, LIM, FP, and DM networks. Main analyses compared the first and the fourth runs of fMRlI, i.e., the easy and
hard MIST conditions. More details about the study design can be found in the Supplement. DA, dorsal attention; DM, default mode; FC, functional con-
nectivity; fMRI, functional magnetic resonance imaging; FP, frontoparietal; GABA, gamma-aminobutyric acid; LIM, limbic; MAST, Maastricht Acute Stress Test;
MIST, Montreal Imaging Stress Task; MOT, motor; MRS, magnetic resonance spectroscopy; PANAS, Positive and Negative Affect Schedule; T, time; VA,

ventral attention; VAMS, Visual Analogue Mood Scale; VIS, visual.

Change in Cortisol Levels and FC Following the
MAST and MIST

Using partial correlations (covarying for age, sex, and group),
we found that the increase in cumulative cortisol levels (area
under the curve with respect to ground) from baseline over the
period of acute stress was positively associated with baseline
FC of the putamen with insular, dorsolateral prefrontal, and
motor regions (Figure S6 in Supplement 1) (FDR-corrected p <
.05). However, no significant associations were found between
change in FC and change in cortisol levels. In supplementary
analyses, we aimed to better understand the temporal profile
of changes in cortisol and FC after the MAST and then during
the hard MIST compared with baseline. We found the greatest
cortisol increases following the MAST, with only small in-
creases following the MIST. Conversely, we found very few
significant changes in FC following the MAST, with the great-
est FC changes during the hard MIST.
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Stress Effects on Subcortical FC Reflect Spatial
Patterns of p and « Opioid and GABA Gene
Expression

In 11 PLS regression models, we evaluated whether the
cortical maps of stress effects on global connectivity and
connectivity of the left and right accumbens, caudate, puta-
men, hippocampus, and amygdala were spatially associated
with gene expression maps from the AHBA. We found that
several PLS models explained significantly more variance
(between 20% and 25%, p < .0045) (Figure 2A, B, F;
Tables S1-S13 in Supplement 2) in the cortical maps of stress
effects than that expected by chance. Significant multivariate
associations were found for the stress effects on global FC, left
and right putamen, left caudate and hippocampus, and right
amygdala. Among genes with anatomical expression patterns
similar to the effects of stress on subcortical connectivity,
notable genes were 1 and k opioid receptor genes (Figure 2C,
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Figure 2. The PLS model showed that gene expression maps shared a significant portion of variance with the anatomical map of stress effects on putamen
FC (A, B). Significant multivariate associations between gene expression and anatomical maps of stress effects on left caudate, hippocampus, right amygdala,
and global cortical FC were found (F) (Tables S1-S13 in Supplement 2). We present multivariate correlations for the putamen in (B) and for all brain maps in (F).
Significant PLS models (p < .0045) are highlighted in bold. Several genes were correlated with accumbens FC, including p and k opioid receptor genes (C, D).
Mean expression maps of OPRM1 and OPRK1 are shown in (C) alongside the overall PLS1 gene expression map. OPRM1 expression was also significantly
associated with stress effects on the connectivity of other subcortical regions (G). Our analyses identified genes previously implicated in GWAS and tran-
scriptomic studies of MDD (E). *permutation p < .05. AHBA, Allen Human Brain Atlas; FC, functional connectivity; GWAS, genome-wide association study; L,

left; MDD, major depressive disorder; PLS, partial least squares; R, right.

D), as well as somatostatin marker genes (Tables S1-S13 in
Supplement 2; Figure S7 in Supplement 1).

Genes identified in our PLS analyses of stress effects on pu-
tamen connectivity in particular have emerged in genome-wide
association studies of MDD (61) as well as MDD transcriptomic
similarity analyses (34) (Figure 2E). Similarly, somatostatin marker
genes showed higher-than-chance scores in the PLS that tested
the transcriptomic correlates of stress effects on putamen con-
nectivity (Figure S7 in Supplement 1). Many of our PLS models
showed high positive association scores for genes such as SST,
OPRM1, and OPRK1 (Tables S1-S13 in Supplement 2;
Figure 2G) that are preferentially expressed in insular and medial
prefrontal regions. Gene ontology analyses of significant genes (|
Z| > 4) from all PLS models implicated terms related to metabolic
processes and cell-to-cell signaling (Figure S8 in Supplement 1).

Stress Effects on Subcortical FC Reflect Spatial
Patterns of PET Distribution of k and p Opioid
Receptors

We found a significant correlation between the spatial maps of
the effects of stress on FC of the putamen and amygdala
across participants and the spatial maps of average p and «
opioid receptor distribution obtained from separate, healthy
samples (Figure 3A-D). Stress also increased the FC of the
nucleus accumbens with areas that are rich in | opioid re-
ceptors (Figure 3C). We found mostly negative, but weak,
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associations between stress effects on subcortical-to-cortical
FC and NOP1A receptor distribution (Figure 3E). Interestingly,
stress increased the connectivity of the caudate and putamen
with regions that have a relatively lower density of GABAA re-
ceptors (Figure 3F, G). No significant associations with GABAA
or NOP maps were found for stress effects on the connectivity
of the accumbens, amygdala, or hippocampus.

DISCUSSION

Consistent with recent meta-analytic evidence (30), we
demonstrated in a sample of participants differing in MDD risk
that acute stress increased global cortical connectivity in the
frontoparietal and dorsal attention regions and increased
subcortical connectivity to frontoparietal salience and motor
network regions. Critically, stress increased the connectivity of
the putamen and the amygdala with medial and lateral pre-
frontal regions that preferentially express opioid receptor
genes and somatostatin gene markers in a postmortem
sample (AHBA), showing a pattern similar to that found in
neuroimaging transcriptomics studies of MDD (34,38) and
genome-wide association studies of MDD (60). Stress-induced
increases in subcortical connectivity were most prominent in 1
and «k opioid receptor-rich areas, as quantified by PET-derived
receptor density maps obtained from previous studies
(51,52,62). Conversely, GABA, receptors were more widely
distributed across the brain and were not concentrated in
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Figure 3. Correlation analyses showed several significant associations between anatomical patterns of stress effects on subcortical connectivity and brain
maps of k opioid (A), n opioid (D), nociceptin (E), and GABA, (F) receptor distribution in healthy participants. In particular, stress increased connectivity of the
putamen and amygdala with both «k and 1 opioid-rich areas (C). However, GABA and nociceptin receptor densities were not concentrated in the insular and
medial prefrontal areas, resulting in nonsignificant or negative correlations between stress effect maps and the respective receptor maps (G). Scatterplots of
these associations are shown in (B). *p < .001. BP, binding potential; FC, functional connectivity; GABA, gamma-aminobutyric acid; L, left; R, right; Vi,

distribution volume.

insular and medial prefrontal areas whose connectivity with the
striatum and amygdala was increased under stress. NOP1A
receptors were not specific to insular and medial prefrontal
areas because they were also found in lateral temporal areas,
the visual cortex, and the precuneus.

In this novel imaging transcriptomics study of stress effects
on FC, we showed that stress increased FC in opioid receptor-
rich circuits (including the nucleus accumbens, putamen,
amygdala, and the insular, inferior frontal, and medial pre-
frontal areas), providing further evidence for the role of the
opioid system in acute negative stress response. The endog-
enous opioid system, especially the @ and «k subtypes, has
been linked to dysregulated mood, processing of negative
social interactions, and social anhedonia in MDD (30,63). In
particular, considerable efforts are being directed toward
developing safe and effective agents that target the endoge-
nous opioid system in depression (28-30,63).

In addition to the role of p and k opioid receptor genes, we
identified a number of other genes transcriptionally linked to
the neurobiological effects of stress including the somatostatin
markers and GABRA3 and GABRA5 receptor genes. Com-
parison of the genes identified in our analyses with previous
imaging transcriptomics studies of MDD (34,38) revealed
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strong overlap in the genes identified, which suggests that
MDD dysfunction occurs in neural circuits that also mediate
the acute stress response. Stress increased accumbens con-
nectivity with insular and medial prefrontal areas, which also
show cortical thinning in MDD (34,57). In particular, Anderson
et al. (34) found high negative association scores for genes
such as SST, OPRM1, and OPRK1, with lower case-control
cortical thickness scores being associated with higher gene
expression. Reduced function of somatostatin-expressing
inhibitory GABA neurons has also been implicated in a num-
ber of psychiatric conditions and MDD in particular (64,65),
thus providing additional evidence for the overlap between
MDD and stress circuitry.

Our findings of stress-induced enhanced connectivity be-
tween the striatum and amygdala with the insular, inferior
frontal, and medial prefrontal areas and global cortical con-
nectivity of frontoparietal areas fit theories postulating that
acute stress increases alertness and activates the autonomic
and central nervous systems to promote more adaptive
behavior (2,8,18). Previous reviews also suggest an essential
role for the salience (ventral attention) network in the acute
stress response (8), and other studies have highlighted
increased activation of the salience network in stressed
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participants (66). Increased thalamocortical connectivity (67)
during stress also supports our finding of increased striato-
cortical connectivity because the thalamus is a key region in
the cortico-basal-ganglia circuits (68). The lack of correlation
between the FC changes and cortisol changes across groups
suggests that the effects of acute stress on FC in the current
study were at least partially distinct from the mediation of the
stress response by cortisol. An analysis of the timescale of
changes in FC and cortisol showed that throughout the
experiment, the MAST first increased cortisol levels without
affecting FC. Next, the MIST increased FC levels for several
cortical and subcortical regions while cortisol levels both
increased and decreased, with a small net increase in the
overall group. Whereas our finding of increased hippocampal
connectivity is consistent with previous studies that have
shown that elevated corticosterone drives hippocampal ac-
tivity within 10 to 60 minutes after stress exposure (13), other,
non-cortisol-related mechanisms may be driving our hippo-
campal FC finding. Overall, our finding of FC changes in
response to the MIST is more consistent with the activation of
the monoaminergic system leading to shared recruitment and
interplay in the cortico-subcortical circuits following stress (3).

Previous models suggested a balance between the salience
and the frontoparietal control networks, whereby acute stress
leads to a reallocation of resources to the salience network at
the expense of the frontoparietal control network (69). How-
ever, we observed higher connectivity of both salience and
frontoparietal networks to all other cortical regions. The hard
MIST stress condition required participants to solve increas-
ingly difficult, timed math problems while being given negative
feedback about their performance. By contrast, the baseline
condition required participants to solve simple math equations
without time pressure. Therefore, the increased connectivity
that emerged during the stress condition may be partially
attributed to the increased cognitive demands and the stress
caused by the presence of negative feedback.

While the imaging transcriptomics approach can leverage
neuroimaging data to provide insights into molecular sub-
strates of stress effects, our findings are limited in specificity
and provide indirect, correlational rather than causal inferences
(40,41). To obtain more direct evidence for the role of specific
gene transcripts, participant-level gene expression data from
deeply phenotyped samples are needed, although collecting
such data can be costly and challenging. Recent advances in
single-cell gene expression in postmortem brain samples of
older adults (70,71) have generated valuable insights into the
etiology of Alzheimer’s disease, and future work on participant-
level gene expression will similarly help advance our under-
standing of the mechanisms of psychiatric disorders. Together
with many other genes with similar anatomical expression
patterns including those involved in dopamine and glutamate
signaling, we found OPRM1, OPRK1, SST, and GABRAS/
GABRAS5 genes to be enriched in areas showing higher con-
nectivity under stress. We focused on these genes given our
hypotheses regarding GABAergic signaling, including in the
somatostatin-expressing interneurons and the opioid system.
We present some gene ontology analyses of the significant
genes in the Supplement. However additional research is
needed to test the extent to which these effects are unique to
the opioid system.
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We did not find significant group differences (e.g., clinical
group, sex) in response to stress measured using a network-
wide, whole-brain fMRI connectivity analytic approach (1).
However, we had low statistical power to detect small to
moderate effects using this approach, especially in the context
of testing for 3-way interactions. In contrast, the use of a priori
hypothesis-driven fMRI connectivity analyses of specific brain
regions produced significant effects of interest modified by sex
in the healthy control participants in the sample presented here
(72). In fact, when a different acute negative stress reactivity
task was used, some of these same stress circuitry regions
were abnormal in MDD in adults (9) and were associated with
hypothalamic-pituitary-adrenal axis dysregulation (73). Thus,
future work on sex differences in gene expression associated
with stress circuitry responses in MDD is needed, particularly
given our previous work on sex differences in the genetic ar-
chitecture of MDD (74). Finally, a substantial number of studies
on stress in MDD have focused on severe stressors, especially
in early life (5,75-79), thus demonstrating significant and
robust dysfunction in MDD.

Conclusions

In conclusion, we identified robust neural correlates of acute
stress in a sample of participants who differed in MDD risk
(healthy individuals and unmedicated individuals with past or
current MDD). Gene expression analyses of a postmortem
sample showed that stress altered FC in circuits that prefer-
entially express OPRM1, OPRK1, GABRA, and SST genes,
implicating genes that have also been strongly linked to im-
aging transcriptomics of depression (34,38). Finally, associa-
tion analyses with PET maps of receptor density increased the
specificity of our findings by showing that the stress effects on
connectivity of striatal regions were not associated with high
GABAA receptor density. Taken together, our findings highlight
the role of the opioid system in stress and reward pathways
that have previously been linked to depression.
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Acute Stress Increases Striatal Connectivity With Cortical
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Supplementary Information
Participants

All participants were unmedicated, right-handed, ages 18-25, had normal or corrected to normal
vision, and were fluent in written and spoken English, able to provide informed consent, and
were recruited from the greater Boston area. MDD participants met for DSM-5 criteria for MDD
(as ascertained via Structured Clinical Interview for the DSM-5, SCID, performed by a PhD or
MA-level clinical), had a baseline score >14 on the Beck Depression Inventory- Il (BDI-Il), and
either a baseline score >16 on the Hamilton Depression Rating Scale (17-item, HAM-D) or a
score of >12 on the, clinician administered, Quick Inventory of Depressive Symptomatology
(QIDS-C). Remitted MDD (rMDD) participants met for at least one prior major depressive
episode (MDE) lasting 2 months or longer or at least 2 MDEs lasting 2 weeks or longer in the
past 5 years, depressed mood and anhedonia symptoms rating a 1 on the SCID with no more
than two symptoms of depression reported at a mild degree (SCID rating of 2) eight weeks prior
to testing, baseline BDI-Il score <9, and either baseline HAM-D score <7 or QIDS-C score <5.
Healthy controls (HCs) reported an absence of medical, neurological, and psychiatric illness
(including alcohol and substance abuse), as assessed by the SCID, baseline BDI-II score <9,
and either baseline HAM-D score <7 or QIDS-C score <5. Female participants were scanned
during the follicular phase of their menstrual cycle. Recruitment strategy included stratifying by
sex and ensuring HCs were comparable within sex by group.

Exclusion criteria included: MRI contraindications (i.e., non-approved metal, claustrophobia,
injury or movement disorder that makes it difficult to lie still); women who were pregnant or
currently breastfeeding; current use of hormone replacement therapy and/or anabolic steroids;
diabetes with poor glucose control or diabetes controlled with Metformin; serious or unstable
medical iliness (i.e., cardiovascular, hepatic, renal, respiratory, endocrine, neurological, or
hematologic disease); history of seizure or seizure disorder; history of significant head injury of
concussion with loss of consciousness of two minutes or more, or head injury with lingering
functional/psychological impact; history of chronic migraine (>15 days in a month);
hypothyroidism, hyperthyroidism, or other thyroid disorder that is not controlled by medication;
sickle cell anemia, Raynaud’s disease, ulcerative skin diseases, hemophilia, current infectious
illness (either transient or chronic, i.e., Lyme disease) at the MRI visit; illness currently receiving
acute treatment (e.g., taking antibiotics) at the MRI visit; current episode of allergic reaction or
asthma; history or current diagnosis of dementia; and evidence of significant inconsistences in
self-report.

Drug and/or substance use exclusion criteria included: use of greater than 10 cigarettes per
day; history of greater than five uses of cocaine or illicit stimulants; greater than 10 lifetime uses
of psilocybin mushrooms; history of greater than a cumulative five uses of ecstasy, LSD, MDMA
or opioids (prescribed opioids for a limited period, i.e., post-surgery, was allowed if use was not
in the past 3 months); history of regular marijuana use (5-7x/week) before the age of 15; greater
than one lifetime use of inhalants, IV drugs, crack cocaine, or crystal methamphetamine; greater
than five alcohol induced blackouts in lifetime; current use of psychotropic drugs; no use of
dopamine affecting drug in the past two months (if participant(s) had used drug affecting
dopamine >5x in lifetime) or past three weeks (if participant(s) had used drug affecting
dopamine <5x in life), dopamine affecting drugs included: amphetamine salts (Ritalin),
methylphenidate (Adderall), and apomorphine (Uprima); use of antibiotics 24hrs prior to scan,
and/or use of melatonin five days prior to scan; and recent use (with 3 weeks scan) of any



medication that affected blood flow or blood pressure, or which is vasodilating/vasoconstricting.
Additional drug/substance use exclusion criteria for MDDs and rMDDs only, included use of
psychotropic medication for at least: six weeks for fluoxetine; six months for neuroleptics, two
weeks for benzodiazepines and any other antidepressants.

Psychiatric exclusion criteria included history or current diagnosis of any of the following DSM-5
psychiatric illnesses: organic mental disorder, learning disabilities, autism or any other pervasive
developmental disorder, schizophrenia, schizoaffective disorder, delusional disorder, psychotic
disorders not otherwise specified, bipolar disorder, OCD, anorexia nervosa, somatoform
disorders, severe borderline or antisocial personality disorder, mild alcohol or non-marijuana
substance use disorder within the last 12 months (cocaine or stimulant abuse at any time will
lead to exclusion); specific phobia, social anxiety disorder, and generalized anxiety disorder or
cannabis use disorder were allowed only if secondary to MDD; a history of PTSD, bulimia, binge
eating disorder, or panic disorder were allowed only if secondary to MDD and in remission for
>2 years; a history of ADHD was allowed on a case-by-case basis only if secondary to MDD.
Further exclusion criteria included displays of mood congruent or mood incongruent psychotic
features; suicidal ideation where outpatient treatment was determined to be unsafe by study
clinicians (referral to appropriate treatment was provided); lifetime history of electroconvulsive
therapy (ECT); and having a first-degree relative (parents or sibling) with a history of a psychotic
disorder or psychotic symptoms. For rMDD participants only: no diagnosis of anxiety disorders
in the past two months, other than social anxiety disorder.

MRI acquisition details

A magnetization-prepared rapid acquisition (MPRAGE) sequence was used to acquire T1
structural data. The T1 image acquisition parameters were as follows: 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 mm3; 176 slices. A gradient echo T2*-weighted echo planar
imaging (EPI) sequence was used to acquire functional MRI data. The fMRI sequence
acquisition parameters were as follows: repetition time (TR) = 2000 ms; echo time (TE) = 30 ms;
field of view = 204 mm; voxel dimension = 1.5 x 1.5 x 1.5 55 mm; 84 interleaved slices with a
multiband acceleration factor of 3.

MRI QC exclusions

Among the 129 participants with imaging data, one was not included due to failed MRI quality
control, one due to excessive dropout, another participant restarted the experiment, and two
participants had excessive motion, resulting in 125 participants with usable fMRI data on at least
one run. Among these participants, ten individuals had excessive motion during baseline or the
stress condition. Motion was assessed as follows [1]: frames that exceeded a threshold of 0.5
mm FD or 1.5 standardized DVARS were annotated as motion outliers. Any participant with
>20% motion outliers per run was excluded from analysis.

MRI Processing

As part of fMRIPrep processing, BOLD runs were slice-time corrected using 3dTshift from AFNI
and resampled to the fsaverage and MNI152NLin6Asym spaces.



Global and subcortical FC measures

In calculating global cortical FC, we followed Cole et al [2,3]. We first calculated pairwise
connectivity matrix between bilateral regions of interest from the HCP parcellation [4], resulting
in a 180x180 r-to-z transformed correlation matrix using FSLNets
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/F SLNets). We used the direct Pearson’s correlations, a very
common approach to undirected functional connectivity. We then excluded the values along the
diagonal given that the connectivity between a region and itself is always equal to one. We
averaged each row of the resulting matrix to obtain the connectivity of each cortical region to all
other cortical regions, which we refer to as global cortical connectivity. In calculating subcortical
connectivity values, we also used FSLNets on the subcortical and cortical timeseries to estimate
transformed Pearson’s correlations between each subcortical region and cortical timeseries
from the HCP parcellation.

Stress induction details

The study protocol is described in more detail by Ironside et al [1] and Figure 1 in the main text,
visualizes all tests and biomarkers collected as part of the study. Specifically, participants first
completed an fMRI scan while solving easy algebra problems, which was the ‘baseline’ imaging
condition. The scanner table was then pulled out and they completed the MAST (Maastricht
Stress Test). This involved alternating trials of uncertain duration (determined by the computer)
where participants are instructed to submerge their hand in ice-cold water and complete mental
arithmetic under supervision from two unempathetic doctors. Immediately afterwards, the
scanner table was retuned and they completed the second fMRI scan while also solving easy
algebra problems in the scanner. Following a blood sample collection, they then completed the
third fMRI scan in the ‘hard MIST’ condition, which required participants to solve complicated
algebra problems under time pressure with visual feedback on the screen that they were
performing below average. They then received negative feedback on their performance over the
intercom from the control room of the MRI scanner and went on to complete the fourth fMRI
scan, which was also a ‘hard MIST’ condition in which they solved complex algebra problems
under time pressure and negative visual feedback. The last scan was followed by blood sample
collection. Each fMRI scan lasted 3.5 minutes. In our analyses we aimed to specifically test the
effects of stress on functional connectivity; consequently, we compared functional connectivity
during the fourth fMRI run, i.e. the condition with the expected highest degree of cumulative
stress, with functional connectivity at baseline. Cortisol level increases [1] confirmed stress
induction. We provide an overview of the study procedures in Supplementary Figure 1.

We included both MAST and MIST stress induction paradigms for two reasons: firstly, we
wanted to generate a cumulative amount of stress, by including several stress manipulations,
starting with the MAST and introducing additional stressors using the MIST paradigm. Piloting
also supported the addition to the MAST as a more potent stressor compared to the MIST. The
MAST requires participants to submerge their hand in ice-cold water for a period of time
unknown to them and occurs outside the scanner. Some participants may experience relief
once they are allowed to take their hand out of the ice water. Second, it is a physical stressor
and while it is potent for many participants, it may not affect all individuals to the same degree.
We conducted an fMRI session (2" run) with the 'easy’ MIST and a blood draw immediately
following the MAST to specifically assess the effects of the MAST. It also provided an additional
control condition for assessing the effects of the blood draw and the scan itself. Following the
MAST, we added an 'online’ stressor (‘hard’ MIST) that occurred during the scan (3 run). We



collected two runs of fMRI data during the ‘hard’ MIST that provided negative feedback to
participants, telling them that they were performing well below average at solving complex
mathematical problems. While in the main text we show specifically the comparison between
the fourth run of fMRI and baseline, in the Supplemental Information we also provide the results
from the comparison of the third run of fMRI vs baseline and the results from the comparison of
the second run of fMRI vs baseline.

Supplementary Figure 1. Overview of the study design, adapted from Ironside et al [1]. A
timeline of the assessments (A) shows that there were three blood draws. The first blood draw
(T1) occurred immediately following the first fMRI scan and preceding the MAST intervention.
The second blood draw (T2) occurred immediately following the second fMRI scan and
preceding the ‘hard’ MIST. During the ‘hard’ MIST condition participants experienced stress
induction during the scan. Finally, the third blood draw (T3) occurred following two rounds of the
‘hard’ MIST condition, once the participants exited the scanner. At T1 and T3, questionnaires
assessing participants’ subjective experience of stress were collected using VAMS (Visual
Analogue Mood Scale) and PANAS (Positive and Negative Affective Schedule[5]). We found a
significant effect of time (and consequently of the accumulation of different stress
manipulations) on cumulative cortisol levels (AUCg, B), absolute cortisol levels (C) the VAMS
subscale assessing participants’ feeling relaxed vs tense (D), a significant decrease in positive
(E) and a significant increase in negative (F) affect on the PANAS.

Analysis of stress effects on cortisol and self-reported subjective experience of stress

A linear mixed effect model (Cortisol AUCg ~ sex + age + time + (1 + time| Participant))
revealed a significant effect of time (beta=160.7, SE=6.275, 1(268)= 25.61, p<0.001) on
cumulative cortisol levels and on absolute cortisol levels (beta=1.846, SE=0.231, 1(268)=7.979,
p<0.001). The stepwise increases in cortisol levels from baseline (T1) to post- MAST at T2 (p=
3x10"%), and from T2 to post-MIST at T3 (p=0.012), are shown in Supplementary Figure 1B.
Similarly, mixed effect models (fitime, MATLAB R2022a) showed that, compared to baseline
(T1), participants felt more tense (Figure 1C, beta=19.945, SE=2.057, 1(245)=9.697, p<0.001),
felt less positive affect (Figure 1D, beta=-3.089, SE=0.583, t(240)=5.296, p<0.001) and more
negative affect (Figure 1E, beta=2.412, SE=0.415, 1(240)=5.825, p<0.001) following the MAST



and MIST induction (T3). Cortisol levels increased throughout the scanning session, suggesting
rising or sustained levels of stress throughout the scan. Among the 89 participants with cortisol
data for T1 and T2, we found an increase in cortisol levels at T2 relative to T1 for 67
participants; a decrease among 20 participants and no change in cortisol level among 2
participants. Among the 86 participants with cortisol data for T2 and T3, we found an increase in
cortisol levels at T3 relative to T2 for 47 participants and a decrease for 39 participants. The
proportion of participants with increases vs decreases in cortisol was significantly different for
T1 to T2 compared to T2 to T3 (X2(1, N=173)=9.622,p=0.002). Finally, at T3, cortisol levels
returned to below-baseline levels for only 21 of 90 participants with cortisol data at T1 and T3.

Analysis of stress effects on FC during the 2" and 3™ fMRI runs compared to baseline

First, we repeated the analyses shown in Figure 1 of the main text, comparing the 2"¢ fMRI run
that occurred immediately after the MAST test with the 15t baseline fMRI run. Highlighting the
specificity of the findings shown in the main text, we found no significant differences in cortical
or subcortical FC (pror>0.05) between this 2" run of fMRI and baseline, during which
participants solved easy algebraic problems. We show the distribution of the effects of fMRI run
(‘easy’ MIST immediately following the MAST, i.e., run 2 vs ‘easy’ MIST preceding the MAST,
i.e., run 1) on cortical and subcortical FC across the Yeo 7 networks in Supplementary Figure 2
(top row).

However, we found a large number of significant differences between the 3 run of fMRI (i.e.,
‘hard’ MIST with complex algebraic problems and negative feedback) vs baseline.
Supplementary Figure 2 (bottom row) summarizes the distribution of the effects of fMRI run
(‘hard’ MIST, i.e., run 3 vs ‘easy’ MIST preceding the MAST, i.e., run 1) on cortical and
subcortical FC across the Yeo 7 networks. This finding reinforces our central finding that acute
stress during the ‘hard’ MIST is driving the effects we observed on functional connectivity.

Supplementary Figure 2. Regional effects of the ‘easy’ MIST conducted immediately after the
MAST stress induction (run 2) and regional effects of the first ‘hard’ MIST (run 3) on cortical (A)
and subcortical (B-F) connectivity grouped by Yeo 7 networks are plotted in the top and bottom
row, respectively.

We found that the pattern of differences between the 3™ run of fMRI vs baseline was very
similar to the pattern of effects of the 4" run of fMRI (also ‘hard’ MIST with complex algebraic
problems and negative feedback), as shown by the diagonal correlations in Supplementary
Figure 3.



Supplementary Figure 3. Correlations between brain maps reflecting stress effects assessed
in the first run of the ‘hard’ MIST (run 3) and in the second run of the ‘hard’ MIST (run 4) on
cortical and subcortical connectivity. Correlations in the diagonal of the matrix show the
similarity between brain maps of the same measure (e.qg. effects of run 3 on Global FC vs
effects of run 4 on Global FC).

Supplementary Figure 4 summarizes the change in FC of subcortical regions with the cortical
regions identified as significant in the main analyses (Figure 1) over time (runs 1-4), highlighting
the pronounced increases in FC in runs 3 and 4, i.e. hard MIST.

Supplementary Figure 4. Change in FC of the left (A) and right (B) caudate and left (C) and
right (D) putamen with the cortical regions identified in the main analyses (Figure 1). Average
FC across participants highlighted as a thick line shows that run 4 is characterized by the

largest increases relative to baseline occurred during the ‘hard’ MIST, i.e., fMRI runs 3 and 4.



Analysis of group x stress effects on FC

We focused on the hard MIST condition to test for the effects of stress. Between baseline and
our ‘hard MIST’ condition, participants also experienced the MAST (Maastricht Stress Test)
during which they submerge their hand in ice-cold water and completed mental arithmetic under
supervision while they were outside the scanner. Therefore, the cortisol increase occurred over
a period of time that covered these stressors. In addition to the main effects of stress (Model 1),
we also tested for the group x stress interactions as shown in Model 2:

Model 2: FC ~mean FD + sex + age + group x stress + group + stress + (1| Participant)

However, we did not find any significant interactive effects after FDR (g<0.05) correction [6].

Supplementary Figure 5. Correlations between brain maps reflecting stress effects on
subcortical connectivity.



Supplementary Figure 6. Higher baseline functional connectivity of the putamen with cortical
regions shown in blue (A) was associated with greater increase in cortisol levels under stress
(pror<0.05). Correlations between average putamen connectivity with the significant regions
and cortisol increase are shown in (B); left putamen p=5.7x10%; right putamen p=1.5x10-5.
Similar effects were observed with absolute levels of cortisol instead of the AUCg cumulative
measure.
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Supplementary Figure 7. AUC for somatostatin markers SST, NPY, CORT (in red) plotted
against AUCs generated from random permutations (p=0.028).
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Supplementary Figure 8. Gene ontology analysis of the PLS results.
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Supplementary Figure 9. Conceptual overview of findings and approach. Stress effects on
global cortical and subcortical-to-cortex connectivity has implicated cortico-striatal pathways in
stress response. Imaging transcriptomic and PET analyses have further implicated opioid,
GABA and monoamine signalling in acute stress response, among other neurochemical
pathways. These findings were somewhat distinct from stress-related changes in cortisol levels,
consistent with previously proposed temporal profiles of different stress mediators [7].
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