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Abstract

Stressful life events are major environmental risk factors for anxiety disorders, although not

all individuals exposed to stress develop clinical anxiety. The molecular mechanisms under-

lying the influence of environmental effects on anxiety are largely unknown. To identify bio-

logical pathways mediating stress-related anxiety and resilience to it, we used the chronic

social defeat stress (CSDS) paradigm in male mice of two inbred strains, C57BL/6NCrl (B6)

and DBA/2NCrl (D2), that differ in their susceptibility to stress. Using a multi-omics

approach, we identified differential mRNA, miRNA and protein expression changes in the

bed nucleus of the stria terminalis (BNST) and blood cells after chronic stress. Integrative

gene set enrichment analysis revealed enrichment of mitochondrial-related genes in the

BNST and blood of stressed mice. To translate these results to human anxiety, we investi-

gated blood gene expression changes associated with exposure-induced panic attacks.

Remarkably, we found reduced expression of mitochondrial-related genes in D2 stress-sus-

ceptible mice and in exposure-induced panic attacks in humans, but increased expression

of these genes in B6 stress-susceptible mice. Moreover, stress-susceptible vs. stress-resil-

ient B6 mice displayed more mitochondrial cross-sections in the post-synaptic compartment

after CSDS. Our findings demonstrate mitochondrial-related alterations in gene expression

as an evolutionarily conserved response in stress-related behaviors and validate the use of

cross-species approaches in investigating the biological mechanisms underlying anxiety

disorders.
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Author summary

Genetic and environmental factors contribute to the etiology of psychiatric diseases but

the underlying mechanisms are poorly understood. Chronic psychosocial stress is a well-

known risk factor for anxiety disorders. To identify biological pathways involved in psy-

chosocial stress-induced anxiety and resilience to it, we used a well-characterized mouse

model of chronic social defeat stress (CSDS) in two inbred mouse strains, C57BL/6NCrl

(B6) and DBA/2NCrl (D2), which differ in their susceptibility to stress. We focused on the

bed nucleus of the stria terminalis, a key brain region behind stress-response and anxiety,

and carried out genome-wide analysis of mRNA, and miRNA expression, and protein

abundance. Bioinformatic integration of these data supported differences in mitochon-

drial pathways as a major stress response. To translate these findings to human anxiety,

we investigated blood cell gene expression in mice and in panic disorder patients exposed

to fearful situations and experiencing panic attacks. Concurring with our brain findings,

expression of mitochondrial pathways was also affected in mouse and human blood cells,

suggesting that the observed stress response mechanisms are evolutionarily conserved.

Therefore, chronic stress may critically affect cellular energy metabolism, a finding that

may offer new targets for therapeutic interventions of stress-related diseases.

Introduction

Chronic stress is a significant risk factor for human anxiety disorders [1], yet not all individuals

exposed to stress develop a clinically relevant anxiety symptomatology. The underlying reasons

for these differences are not yet fully understood but involve an interaction of complex genetic

and environmental factors that vary among individuals resulting in stress susceptibility or

resilience. The chronic social defeat stress (CSDS) model is a well-established mouse paradigm

of psychosocial stress, with construct, face, discriminative, and predictive validity for stress-

related disorders [2–4]. It involves 10 days of brief daily confrontation of two conspecific male

mice, a resident-aggressor and an intruder who reacts with defensive, flight, or submissive

behavior [5, 6]. Although all defeated mice experience stressful stimuli, only some develop

stress-related symptoms, measured as social avoidance, making it an excellent model to inves-

tigate mechanisms associated with susceptibility and resilience. We have previously shown

that genetic factors strongly affect the behavioral outcome of the CSDS, since different inbred

mouse strains vary in the proportion of susceptible and resilient animals as well as in their

stress coping behaviors [4].

Anxiety disorders are common stress-associated psychiatric disorders [7, 8]. They are char-

acterized by an excessive physiological and emotional response in the absence of real threat or

imminent danger. Among the most debilitating anxiety disorders is panic disorder, which

involves sudden recurrent surges of intense fear and discomfort called panic attacks [9]. How-

ever, panic attacks are not exclusive to panic disorder, but also frequent in other anxiety disor-

ders. They are typically associated with severe perceived physical and mental stress, feeling of

loss of control and avoidance behavior. Epidemiological studies show a major impact of both

cumulative and specific life events or stressors, such as threat or psychosocial interpersonal life

events, on the development of all anxiety disorders [10, 11], including panic disorder [12].

The development of much-needed novel targets for therapeutic intervention of anxiety dis-

orders is limited by the ignorance of the molecular and cellular mechanisms associated with

events that initiate and maintain pathological anxiety. The phenotypic heterogeneity of human
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populations and the high variability of environmental influences [13], along with a limited

access to brain tissue samples, make it difficult to identify the biological basis of anxiety disor-

ders. These challenges can, to some extent, be controlled in animal models. Cross-species

approaches are therefore expected to reveal specific biological mechanisms underlying anxiety

disorders [14]. They can be especially powerful for multi-omics studies allowing hypothesis-

free identification of the most significant biological pathways associated with specific expo-

sures, while at the same time probing the effects of different genetic backgrounds on the out-

comes. Therefore, the integration of multiple levels of information [15] and the translation of

the results from animal models to the human condition are critical for the success of cross-spe-

cies approaches.

Omics-based approaches require the investigation of etiologically relevant tissue. The CSDS

model has been used to study transcriptomic effects of chronic psychosocial stress in brain

regions classically associated with anxiety and depression-related behaviors, including the

medial prefrontal cortex, hippocampus, amygdala, and nucleus accumbens [4, 16]. In addition,

converging lines of anatomical, physiological, and mechanistic evidence suggest that the bed

nucleus of the stria terminalis (BNST) functions as the center of integration for limbic infor-

mation [17], monitoring the genesis of long-term responses to anxiety [18], such as anticipa-

tory anxiety. The BNST is an especially relevant brain region for stress-related anxiety. It has

been suggested that it plays a role in valence surveillance by processing salient information on

physical and social contexts, collected through its numerous projections throughout the brain

[17]. However, only few anxiety studies have generated large-scale genomics data from the

BNST [19].

To identify the core differentially expressed molecules and pathways underlying pathologi-

cal anxiety and resilience to it, we employed a multi-omics approach in mice. We applied the

CSDS model to induce anxiety-related phenotypes and to identify molecular markers for sus-

ceptibility and resilience in male mice. We used two inbred strains, the largely stress-resilient

C57BL/6NCrl (B6) and stress-susceptible DBA/2NCrl (D2), due to strong genetic background

effects in the mouse stress response [4, 20]. We investigated gene (RNA-seq), microRNA

(miRNA-seq), and protein (LC-MS/MS) expression differences in the BNST between the

stress-resilient, stress-susceptible, and control mice. As a translational effort, we also carried

out RNA-seq from mouse post-CSDS blood, and longitudinal microarray-based gene expres-

sion profiling from blood cells of panic disorder patients who experienced high degrees of

stress and anxiety due to exposure to phobic situations. To identify converging anxiety-related

gene sets and pathways, we conducted pathway and gene set enrichment analyses of the data

sets from mouse BNST samples, and mouse and human blood cells. Altogether, our results

indicate anxiety induces a genetically-controlled evolutionarily conserved response in mito-

chondrial pathways.

Results

Genetic background has a strong effect on the behavioral response to CSDS

To study how genetic background affects the behavioral response to chronic psychosocial

stress, we subjected B6 and D2 mice to a 10-day CSDS, followed by the social avoidance (SA)

test 24 hours later (Fig 1, S1 Table). Since these strains differ in their innate social avoidance

levels [4], we evaluated the behavior of the defeated mice in comparison to the same-strain

controls. We divided the defeated group of animals and defined stress-susceptible mice as

those with social interaction (SI) ratios below one standard deviation from the mean SI ratio of

the same-strain controls, as previously described [4]. We classified all other defeated mice with

ratios above those values, i.e. resembling controls, as resilient (Fig 1E). The strains showed
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distinct response to stress since 89% of D2 mice, but only 30% of B6 mice, presented social

avoidance behavior, being susceptible to chronic psychosocial stress (Pearson’s chi-square,

χ2 = 60.38, P = 7.76E-14) (Fig 1F).

CSDS also significantly affected locomotor behavior of mice. Both B6 and D2 susceptible

mice moved significantly less than same-strain controls (P = 0.003 and P = 0.002, respectively)

during the no-target trial, i.e., the trial without the social target mouse (Fig 1D), of the SA test.

D2 resilient mice moved significantly more than D2 susceptible mice (P = 0.003), while no

such difference was observed in the B6 strain (P = 0.443) (S1 Table).

To assess if chronic psychosocial stress affects the duration to cease escape-oriented behav-

ior in the face of an acute stressor, we performed the forced swim test (FST) five days after the

end of CSDS. The latency to immobility during the FST, used as a measure of active stress cop-

ing [21, 22], was highly correlated with the SI ratio in the D2 defeated mice (r = 0.920,

P = 0.009) (S1 Table). In other words, defeated D2 mice with higher resilience to psychosocial

stress presented a more active coping strategy than mice with higher social avoidance. We did

not observe similar correlations in the D2 control group (r = -0.130, P = 0.759) or in the B6

Fig 1. Genetic background has a strong effect on the behavioral response to chronic social defeat stress (CSDS). (A) Timeline of

behavioral experiments including CSDS, social avoidance (SA) test, forced swim test (FST), and tissue collection. (B) Schematic

illustration of 10-day CSDS. The protocol involved a daily confrontation of max. 10 min of two conspecific mice, the experimental

mouse in the defeated group (black) and the aggressor mouse (white), followed by sensory contact through a clear perforated plexiglass

divider for the remaining of the 24 hours. As indicated by the black arrow, the defeated mice met a new aggressor every day during the

10 days of CSDS. (C) Schematic illustration of the control condition. Two control mice were placed in a single cage separated by a clear

perforated plexiglass divider. As indicated by the black arrow, every 24 hours the control mouse was placed into a cage with a new

unfamiliar neighbor mouse. Unlike the defeated mice, the control mice were never in physical contact with their neighbors. (D)

Schematic illustration of trial I and II of the SA test. (E) SA test results showing social interaction ratios. n = B6: Susceptible = 34,

Resilient = 78, Control = 56; D2: Susceptible = 62, Resilient = 8, Control = 56. Outliers criterion: IQR> 3. (F) Percentage of mice

resilient and susceptible to stress. n = B6: Susceptible = 34, Resilient = 78 D2: Susceptible = 62, Resilient = 8. B6: C57BL/6NCrl; D2: DBA/

2NCrl; FST: Forced swim test; IQR: interquartile range; SA: social avoidance test.

https://doi.org/10.1371/journal.pgen.1008358.g001
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control or defeated mice (r = -0.079, P = 0.691 and r = 0.026, P = 0.852, respectively) (S1

Table). We also found that CSDS had a significant effect on the body weight of the D2, but not

the B6 mice (S1 Fig). Overall, these results suggest that genetic background has a strong effect

on stress susceptibility, with the D2 strain being more susceptible to stress-induced social

avoidance than the B6 strain. Furthermore, the two strains used different strategies to cope

with stress, as demonstrated by their differences in locomotor and escape-oriented behavior

after, and body weight development throughout, the CSDS.

Divergent BNST differential gene expression and protein abundance in B6

and D2 strains following CSDS

To identify stress-associated transcriptomic and proteomic signatures in the B6 and D2 mouse

strains, we profiled the BNST, a key brain region regulating anxiety. Profiling was conducted

approximately one week following completion of the CSDS, when we sacrificed all mice and

dissected BNSTs for analyses (Fig 2A and 2B). We then carried out both gene expression

(RNA-seq) and proteomic (liquid chromatography-tandem mass spectrometry) profiling to

identify differentially expressed mRNAs (data set A) and proteins (data set B) (Fig 2C). Addi-

tionally, in the B6 strain, we performed Argonaute 2 RNA immunoprecipitation-sequencing

(AGO2 RIP-seq) of active microRNAs (miRNAs) and their mRNA targets (data sets D and E,

respectively). AGO2 is the catalytic component of the RNA-induced silencing complex

(RISC). Only mature miRNAs can be incorporated into RISC in the presence of AGO2, and

serve as a guide molecule for silencing their target mRNAs [23]. Thus, AGO2 RIP-seq identi-

fies only those miRNAs and their target mRNAs that are bound to the RISC at the time of tis-

sue collection, providing additional specificity compared to the sequencing of all cellular

miRNAs and mRNAs. Data sets A and B were collected from the same cohorts of animals,

with each cohort being equally divided by the SI ratios between transcriptomic and proteomic

experiments. AGO2 RIP-seq (data set D and E) was performed from an additional cohort.

In all data sets, we compared the stress-resilient, stress-susceptible, and same-strain control

mice. For the resilient and susceptible groups, we selected mice representing the phenotypic

extremes, i.e., those with the highest and lowest SI ratios, respectively. Unless stated otherwise,

“differentially expressed” (DE) mRNAs, miRNAs and proteins were defined as P< 0.05 and

|FC|� 1.2. For all individual findings of DE mRNAs, miRNAs and proteins, we report both

nominal P-values and P-values adjusted for multiple testing by the modified Benjamini–Hoch-

berg method (Padj) as defined in [24]. The total numbers of genes and proteins DE at P< 0.05

and Padj< 0.05 levels for each data set are presented in S2 Table.

Common DE genes show opposite expression patterns in stress-susceptible B6 and D2

mice. We first examined the transcriptional stress response in the BNST of stress-susceptible

and resilient B6 and D2 mice. The overall number of unique DE genes in both strains was sim-

ilar (n: B6 = 1638, D2 = 1441; Fig 3A and 3D, S2 Fig), of which only 194 were common

between the strains when stress-susceptible mice were compared to the controls. Notably, all

of them were DE in opposite directions between B6 and D2 mice (Fig 3A and 3D). Since none

of the individual genes were significantly DE after multiple testing correction, we performed

Gene set enrichment and Gene Ontology (GO) term enrichment analyses to investigate

whether these genes are part of common biological pathways. We found that these nominally

DE genes were significantly enriched for mitochondrial and translation-related gene sets (S3

Table) and GO terms (S4 Table) at PFDR< 0.05. Thus, our results reveal highly divergent gene

expression patterns in the two strains after CSDS.

Discrete changes in protein abundance after CSDS between the strains. We next exam-

ined protein abundance differences of B6 and D2 mice in the BNST after CSDS. In total, we
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detected 117 DE proteins in at least one of the comparisons in either or both strains (Fig 3B

and 3E). A single protein, phosphatase 1 regulatory subunit 1B (PPP1R1B), also known as

dopamine- and cAMP-regulated neuronal phosphoprotein (DARPP-32), was nominally DE in

the susceptible compared to the resilient mice in both strains (P = 0.011 and Padj = 0.652 in B6

strain; P = 4.95E-9 and Padj = 1.34E-6 in the D2 strain). The protein was less abundant in the

stress-susceptible B6 mice and more abundant in the D2 mice compared to the stress-resilient

groups. Therefore, also the protein expression patterns after chronic psychosocial stress were

significantly different between the B6 and D2 strains.

Capturing the active miRNA-mRNA interactions in the BNST. To identify stress-

responsive miRNAs, we carried out parallel RNA-sequencing of active AGO2-associated miR-

NAs and their bound mRNA targets [25] in the B6 strain. We detected 233 DE miRNAs and

3565 DE mRNA targets (Fig 3C and 3F, S2 Table) between the studied groups (susceptible,

resilient and control). Although we observed largely discrete patterns of miRNA expression in

stress-susceptible and resilient B6 mice, a significant number of miRNAs were DE in the same

direction in both groups indicating a general stress-related response. This finding might reflect

the previously described double-role of miRNAs in both restoring homeostasis, upon stress-

related environmental changes, and enforcing new phenotype-specific gene expression pat-

terns following CSDS to better adjust to the stressful events [26].

Fig 2. Overview of the BNST tissue collection and analyzed data sets. (A-B) BNST was dissected from both hemispheres by

punching the indicated area (shaded area outlined with a circle or a square) for (A) transcriptomic, proteomic, profiling of active

miRNA and their target mRNAs, and (B) transmission electron microscopy (TEM) analyses. Figure outlines are based on Allen

Mouse Brain Atlas [103, 104]. The bregma for outline shown in figure (A) is 0.38. (C) Schematic of analyzed data sets. B6: C57BL/

6NCrl; C: control; D2: DBA/2NCrl; LC-MS/MS: liquid chromatography–tandem mass spectrometry; R: resilient; S: susceptible.

https://doi.org/10.1371/journal.pgen.1008358.g002
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Integrative pathway and gene set enrichment analyses reveal differential

expression of mitochondria-related genes and proteins in the mouse BNST

DE genes and proteins are enriched for pathways related to mitochondrial function.

After collecting the individual mRNA, miRNA and protein expression data sets, we carried

out several integrative analyses to identify biological pathways significantly affected by chronic

Fig 3. Distinct transcriptional stress response in the BNST of the D2 and B6 strains following CSDS. (A-C) Union heatmaps

showing fold changes (FCs) of (A) significantly differentially expressed (DE; P< 0.05 and |FC|� 1.2) genes (data set A), (B) proteins

(data set B), and (C) active miRNAs and their target mRNAs (data sets D and E) following CSDS. The genes are rank-ordered by the FCs

in the susceptible vs. control comparison, separately for each strain and–omics data set. (D-F) Venn diagrams showing overlap between

significantly DE (D) genes (data set A), (E) proteins (data set B), and (F) active miRNAs and their target mRNAs (data sets D and E)

following CSDS. B6: C57BL/6NCrl; CSDS: chronic social defeat stress; D2: DBA/2NCrl.

https://doi.org/10.1371/journal.pgen.1008358.g003
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psychosocial stress. First, we conducted Ingenuity Pathway Analysis (IPA) and gene set enrich-

ment analysis (GSEA) for DE genes (data set A) and proteins (data set B) of the susceptible vs.

control, resilient vs. control and susceptible vs. resilient comparisons in B6 and D2 strains. On

the transcriptome level, the most significantly dysregulated pathway was the mitochondria-

related oxidative phosphorylation pathway. It was upregulated in susceptible B6 mice com-

pared to controls (Z-score = 4.90, PFDR = 3.38E-10), but downregulated in the same comparison

in the D2 strain (Z-score = -5.57, PFDR = 5.47E-18), a result which was replicated by the GSEA

(S3 Fig). Opposite molecular signatures for the susceptible vs. control comparison were also

observed for the second most significantly dysregulated pathway, the eIF2 signaling pathway

responsible for translational control, with upregulation in the B6 (Z-score = 4.47, PFDR =

2.67E-8) and downregulation in D2 strain (Z-score = -3.61, PFDR = 1.78E-3). On the protein

level, the converging cAMP-mediated signaling and dopamine-DARPP32 feedback in cAMP

signaling pathways were predicted to be dysregulated (PFDR< 0.01) in both B6 and D2 strains.

The dopamine-DARPP32 feedback in cAMP signaling pathway was upregulated in the B6

resilient mice in comparison to the same-strain controls (PFDR = 0.001) and the D2 susceptible

vs. resilient mice (PFDR = 0.003).

To identify the most widely stress-affected pathways, we carried out an integrative analysis

of the 12 transcriptomic and proteomic comparisons (Fig 4A). We found 15 pathways with at

least two of the 12 comparisons significantly DE (PFDR< 0.05) and at least four of the 12 com-

parisons nominally significantly DE (P< 0.05). Notably, three mitochondria-related pathways

(Fig 4A, written in bold) were significantly dysregulated (PFDR< 0.05) on both transcriptome

and proteome levels. Taken together, these results show significant enrichment of pathways

related to mitochondrial function and transcriptional control after CSDS, and suggest that

their directionality, i.e., upregulation in the B6 susceptible mice and downregulation in the

D2 susceptible mice in comparison to the same-strain controls, is affected by the genetic

background.

Common putative upstream regulators of DE genes and proteins. To identify tran-

scriptional regulators, which could explain the observed changes in gene and protein expres-

sion after CSDS, we performed the IPA Upstream Regulator analysis (Fig 4B). It examines the

data set for known targets of transcription regulators and compares the directionality of the

gene expression differences to the information included in the Ingenuity Knowledge Base [27].

On the transcriptome level, rapamycin-insensitive companion of mTOR (RICTOR) was a

potential upstream regulator with the highest bioinformatic activation score in both B6 and

D2 strains among all findings in the analysis (PFDR< 0.001). RICTOR was predicted to be in-

hibited in the B6 susceptible mice in comparison to controls (Z-score = -4.84, PFDR = 6.37E-12)

and activated in the same comparison in the D2 strain (Z-score = 6.55, PFDR = 8.96E-14). RIC-

TOR’s function in cell growth has been extensively described [29]. The protein is also known

to be involved in dendritic branch formation [28, 29]. Furthermore, neuronal knockout mice

of Rictor have reduced pre-pulse inhibition, a schizophrenia-like symptom [30].

A reverse pattern of activation was predicted for the N-myc proto-oncogene protein

(N-MYC) cluster. On the transcriptome level, N-MYC was predicted to be activated in B6 sus-

ceptible mice in comparison to controls (Z-score = 3.09, PFDR = 8.57E-4) but inhibited in the

same comparison in the D2 strain (Z-score = -2.51, PFDR = 2.13E-4). N-MYC regulates cell pro-

liferation and growth, apoptosis, and mitochondrial biogenesis [31].

The target genes within the beta-estradiol cluster were predicted to be significantly downre-

gulated (PFDR = 0.015) in the D2 resilient mice in comparison to the controls on the transcrip-

tome level. On the proteome level, the same genes within the beta-estradiol cluster were

significantly downregulated in the B6 resilient mice in comparison to the B6 controls (PFDR =

0.015) and significantly inhibited in the D2 susceptible mice in comparison to the resilient
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Fig 4. Transcriptomic and proteomic analyses implicate dysregulation of mitochondria-related canonical

pathways in the BNST of B6 and D2 mice following CSDS. Merged heatmap showing (A) significantly dysregulated

canonical pathways and (B) upstream regulators from the Ingenuity Pathway Analysis (IPA) database ordered

alphabetically. Mitochondria-related canonical pathways (written in bold) were found to be significantly dysregulated

(PFDR< 0.05) on both gene and protein levels. The IPA Z-score, predicting the activation (red) or inhibition (blue) of

the respective signaling pathway or upstream regulator cluster, is marked in color. B6: C57BL/6NCrl; cAMP: cyclic

adenosine monophosphate; Con: control; D2: DBA/2NCrl; DARPP-32: dopamine- and cAMP-regulated

phosphoprotein; NAFT: nuclear factor of activated T-cells; PPARG: peroxisome proliferator-activated receptor

gamma; Res: resilient; Sus: susceptible. �PFDR< 0.05, �� PFDR< 0.01, ��� PFDR< 0.001.

https://doi.org/10.1371/journal.pgen.1008358.g004
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group (Z-score = -2.40, PFDR = 0.008). Thus, as previously shown [32], some stress-associated

DE genes may be under the regulation of hormones.

Lower levels of miR-34c and miR-99b/100, and higher levels of miR-15b in B6 mice

after CSDS. To identify active DE miRNAs and their mRNA targets in the BNST of B6 mice

following CSDS, we carried out AGO-RIP-seq (data sets D and E; Fig 2C) and employed the

IPA microRNA Target Filter tool [27]. It uses experimentally validated interactions from Tar-

Base [33], miRecords [34] and micro-RNA related findings from the published literature [27],

and microRNA-mRNA interactions predicted by TargetScan [35]. We observed 72 (resilient

vs. control), 59 (susceptible vs. controls), and 36 (susceptible vs. resilient) DE miRNAs, which

were either experimentally validated or computationally predicted (high confidence) to repress

from one to multiple co-immunoprecipitated AGO2-bound DE mRNAs (S5 Table). Only

matching pairs of miRNAs and mRNAs that were DE in the same direction were included in

the analysis, since they may form functional AGO2-bound miRNA-mRNA pairs. Next, to fur-

ther increase the confidence of our findings, we selected miRNA-mRNA interactions identi-

fied by more than two IPA microRNA Target Filter sources in at least one comparison. We

found nominally lower levels of miR-34c and higher levels of miR-15b in both resilient and

susceptible mice in comparison to the controls (Table 1). Additionally, we observed nominally

lower levels of miR-99b/100 in the stress-susceptible mice compared to both control (FC =

-1.50, P = 6.69E-5, Padj = 0.024) and resilient (FC = -1.22, P = 0.011, Padj = 0.183) mice, as

well as in the resilient mice in comparison to the controls (FC = -1.22, P = 0.005, Padj = 0.076)

(S5 Table and Table 1). The DE genes Epdr1, Ntrk2, Cldn11, and Ppp3ca were predicted targets

of miR-99b/100 (S5 Table). Of these genes, Cldn11 was also nominally differentially expressed

in the BNST susceptible vs. control transcriptomic analysis in both strains (data set A;

FC = 1.61, P = 0.015, Padj = 0.630 and FC = -1.68, P = 0.009, Padj = 0.608), confirming it as a

robust stress-affected gene.

Integrative multi-omics analysis implicates dysregulation of PPP1R1B and CYCS after

CSDS. To identify the key stress-related molecules shared between transcriptomic and prote-

omic data sets, we focused on the most significantly dysregulated transcriptomic or proteomic

pathways from the IPA analysis (PFDR< 0.05; Fig 4A) and GSEA (PFDR< 0.05; S3 Fig) (Fig 5).

We asked if any molecule specific to those pathways and gene sets shows similar pattern of

expression in at least one of the comparisons (susceptible vs. control, resilient vs. control, or

susceptible vs. resilient) between at least two BNST data sets (Fig 2C, S6 Table). We found

three common molecules, Cycs, Glud1, and Atp6v1e1, in mitochondria-related gene sets and

pathways, and six molecules, Adcy5, Ppp1r1b, Qdpr, Gad2, Atp2b1 and Ppp3ca, in other

Table 1. Differentially expressed miRNAs and their predicted differentially expressed target genes in the BNST following CSDS.

Comparison miRNA Fold change P (Padj) Tool name Gene

B6 Resilient -

Control

miR-34c -1.77 0.041 (0.187) Ingenuity Expert Findings, TargetScan, miRecords Jag1
miR-126a 1.21 0.011 (0.098) Ingenuity Expert Findings, TargetScan, miRecords Irs1
miR-15b 1.33 0.002 (0.043) TarBase, TargetScan, miRecords Dmtf1

B6 Susceptible -

Control

miR-34c -2.84 0.004 (0.085) Ingenuity Expert Findings, TargetScan, miRecords Jag1
miR-33 1.25 0.047 (0.240) Ingenuity Expert Findings, TargetScan, miRecords Abca1
miR-18a 3.22 0.026 (0.195) Ingenuity Expert Findings, TargetScan, miRecords Esr1
miR-15b 1.35 0.003 (0.077) TarBase, TargetScan, miRecords Dmtf1

B6 Susceptible -Resilient miR-99b/100 -1.22 0.011 (0.183) Ingenuity Expert Findings, TargetScan, miRecords Igf1r

Abca1: ATP-binding cassette transporter; B6: C57BL/6NCrl; Dmtf1: Cyclin D binding Myb-like transcription factor 1; Esr1: Estrogen receptor 1; Igf1r: Insulin-like

growth factor 1 receptor; Jag1: Jagged1; Irs1: Insulin receptor substrate 1.

https://doi.org/10.1371/journal.pgen.1008358.t001
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canonical mitochondria-unrelated pathways (Fig 5). We selected two of these proteins,

PPP1R1B and CYCS (cytochrome c somatic), which have been previously associated with psy-

chiatric disorders, including anxiety disorders [36–39], for validation by Western blot analysis

(Fig 6).

Fig 5. Common differentially expressed (DE) genes and proteins included in the enriched mitochondria-related gene sets and

pathways in the BNST of B6 and D2 mice following CSDS. Merged heatmap showing the expression fold change (FC) and P-value of

resilient vs. control, susceptible vs. control and susceptible vs. resilient comparisons from the BNST transcriptomic and proteomic

analyses (data sets A and B, respectively). Only DE molecules (P< 0.01) in at least one of the 12 comparisons are shown.

“Mitochondria-related gene sets and pathways” include “Mitochondrial Dysfunction,” “Oxidative Phosphorylation” and “Sirtuin

Signaling Pathway” shown in Fig 4A and all gene sets shown in S3 Fig. All remaining canonical pathways included in Fig 4A are

referred to as “Mitochondria-unrelated pathways”. Genes and proteins significantly DE in the same comparison between at least two

BNST data sets are referred to as overlapping between–omic data sets and were selected based on results shown in S6 Table. Molecules

with P> 0.05, are shown in diagonal stripe pattern, while those with P< 0.05 are shown with solid colors. Molecules not present in a

data set are shown in gray. B6: C57BL/6NCrl; C: control; D2: DBA/2NCrl; R: resilient; S: susceptible.

https://doi.org/10.1371/journal.pgen.1008358.g005
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PPP1R1B acts as an integrator of dopaminergic and glutamatergic signaling, and elevated

levels of its truncated isoform have been observed in schizophrenia, bipolar disorders, major

depression, and poor cognitive functioning [40]. Western blot analysis confirmed the proteo-

mic results of significantly more abundant PPP1R1B levels in B6 resilient mice in comparison

to the control (P = 0.026) and susceptible (P = 0.003) groups, while in the D2 strain, it was sig-

nificantly less abundant in resilient compared to susceptible mice (P = 0.033) (Fig 6A). Fur-

thermore, PPP1R1B protein levels detected by Western blot analysis correlated significantly

with SI ratios in the B6 strain (r = 0.689, P = 0.006), but not in the D2 strain (r = -0.244,

P = 0.422) (S4 Fig).

CYCS is a central element of the electron transport chain in mitochondria [41, 42]. Western

blot analysis showed that CYCS was more abundant in both the B6 susceptible (P = 0.027) and

resilient mice (P = 0.015) in comparison to controls (Fig 6B). This was in contrast to the tran-

scriptomic data (data set A), where Cycs was expressed at nominally higher levels in susceptible

compared to both the control (P = 0.042, Padj = 0.686) and resilient mice (P = 0.043, Padj =

0.593) (Fig 6F). We did not observe differences in the CYCS abundance in the D2 strain by

Western blot, although its abundance was lower in the resilient compared to control mice in

the LC-MS/MS data (data set B) (Fig 6D). Overall, the Western blot analysis confirmed the

divergent expression of both PPP1R1B and CYCS observed in the transcriptomic and proteo-

mic analyses following CSDS.

Fig 6. Protein phosphatase 1 Regulatory Subunit 1B (PPP1R1B) and cytochrome c somatic (CYCS) show opposite patterns of

expression in the BNST of B6 and D2 strains following CSDS. (A-B) Western blot (WB), (C-D) relative protein (data set B; LC-MS/

MS), and (E-F) gene expression (data set A; RNA sequencing) analysis of total PPP1R1B and CYCS in mouse BNST following exposure

to CSDS. Mean values ± S.E.M. B6: C57BL/6NCrl; D2: DBA/2NCrl; LC-MS/MS: liquid chromatography–tandem mass spectrometry.

https://doi.org/10.1371/journal.pgen.1008358.g006
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Mitochondrial pathways identified by gene expression profiling of blood

cells from stressed mice and panic disorder patients with exposure-induced

panic attacks

We next asked if the same pathways and gene sets that we found to be stress-responsive in the

mouse BNST, could be identified from an accessible tissue, i.e. blood cells, and whether these

pathways and gene sets were also DE in blood of humans with anxiety. One week after CSDS,

we collected blood samples from stress-susceptible, resilient, and control B6 and D2 mice, and

carried out RNA-seq and miRNA-seq (data sets F and G, respectively). Blood samples were

collected from the same mice that were used for BNST RNA-seq (data set A), except for D2

resilient mice where we did not obtain a sufficient amount of blood. As a translational human

anxiety disorder data set, we collected samples from panic disorder patients who underwent

an exposure intervention. We selected panic disorder as our translational target to concentrate

on a phenotypically homogeneous sample. We collected blood samples at baseline, 1 h after

anxiety peak during exposure and 24 h after exposure-induced panic attack, and carried out

microarray-based gene expression profiling.

B6 and D2 strains show opposite blood cell gene expression patterns following CSDS.

The blood cell differential gene expression analysis in the B6 and D2 stress-susceptible mice

compared to the same-strain controls identified 568 nominally DE genes in the B6 and 771

nominally DE genes in the D2 strain (S2 Table). The majority of them (91.1%, n = 102) were

expressed in opposite directions between the strains (Fig 7A), similarly to the BNST data (data

set A). To ask which biological pathways these DE genes belong to, we carried out hypergeo-

metric statistics using C2 curated gene sets [43, 44] and GO term enrichment analysis. We

found significant enrichment (PFDR< 0.05) of more than 100 gene sets, with the highest num-

ber of common DE genes associated with Alzheimer’s disease gene set (n = 17) (S7 and S8

Tables). The average expression levels of genes that were nominally differentially expressed in

the BNST and expressed in blood cells (n = 788), correlated significantly (Pearson’s correla-

tion, r = 0.410, P = 2.93E-33), confirming a highly similar transcriptome response in both the

BNST and the blood cells after CSDS.

To determine which miRNAs are differentially expressed in blood cells in response to

CSDS, we performed miRNA-seq followed by DE analysis (Fig 7B). Of the 64 DE miRNAs,

only three were differentially expressed in both B6 and D2 mice: miR-148a, miR-181b, and

miR-592 (S9 Table). While miR-592 was expressed at a nominally lower level in both B6 and

D2 stress-susceptible mice in comparison to the same-strain controls (FC = -1.71, P = 0.021,

Padj = 0.797), miR-148a and miR-181b were expressed at nominally higher levels in B6 suscep-

tible (FC = 1.34, P = 0.012, Padj = 0.731 and FC = 1.66, P = 0.004, Padj = 0.526, respectively),

but lower levels in D2 susceptible mice (FC = -1.26, P = 0.042, Padj = 0.328 and FC = -1.41,

P = 0.038, Padj = 0.325, respectively), compared to controls. Additionally, miR-181b was

expressed at nominally higher levels in B6 susceptible compared to resilient mice (FC = 1.57,

P = 0.008, Padj = 0.992). Two of the DE miRNAs, miR-34c and miR-3076, were found in the

same comparison (B6 resilient vs. control) in both BNST (D) and blood (G) data sets. Notably,

miR-34c was expressed at a nominally lower level in B6 resilient mice in comparison to the

controls in both tissues (FC = -2.49, P = 0.040, Padj = 0.955 and FC = -1.77, P = 0.041,

Padj = 0.187, in blood and the BNST, respectively). Of these three miRNAs, miR-148a has

been associated with panic disorder [45], and miR-181b proposed as a non-invasive diagnostic

marker for schizophrenia [46].

Genome-wide response in panic disorder patients’ blood data. We next examined the

number of DE probes (P< 0.05) in panic disorder patients’ blood cells (data set H), collected

directly and 24 h after exposure-induced panic attack in comparison to baseline measurement.
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Of all 47291 analyzed probes, 5791 (corresponding to 4149 genes) were nominally significantly

DE in at least one time point. We observed a higher number of DE genes immediately after the

exposure-induced panic attack (n = 2753) than 24 h after (n = 2045) (Fig 7C). A large number

of the identified DE genes (n = 649) was common between the comparisons. Following differ-

ential expression analysis, the probes were annotated to HGNC Gene Symbols and DE genes

(P< 0.05) and analyzed for overrepresentation of GO terms. The most significant GO term of

Biological process shared between both time points was “Translation” (PFDR = 1.72E-7 at 0 h

and PFDR = 1.97E-3 at 24 h). The fifth most significant shared term was “Oxidative phosphory-

lation” (PFDR = 8.24E-5 at 0 h and PFDR = 1.39E-3 at 24 h) (S10 Table). Overall, we found several

enriched GO terms (PFDR< 0.05) related to translational control and mitochondria in both

time points in comparison to the baseline.

Changes in mitochondria-related pathways are a feature of anxiety in mice and

humans. We next integrated results from the GSEA performed with BNST and blood cell

Fig 7. Converging analysis of blood cell gene expression data from stressed mice and panic disorder patients with exposure-

induced panic attacks. (A-C) Venn diagrams showing overlap between significantly differentially expressed (A) mouse genes (data set

F; P< 0.05 and |FC|� 1.2), (B) mouse miRNAs (data set G; P< 0.05 and |FC|� 1.2), and (C) genes (data set H; P< 0.05) in panic

disorder (PD) patients’ blood cells. (D) Merged heatmap from gene set enrichment analysis showing the significantly enriched gene sets

(PFDR< 0.25) present in at least 50% of all comparisons. Gene sets which did not pass the cut-off are marked in gray (NA). A positive

(or negative) NES for a given gene set implicates its overrepresentation at the top (or bottom, respectively) of the ranked list of

upregulated (or downregulated, respectively) genes. Gene sets are ordered alphabetically. B6: C57BL/6NCrl; BNST: bed nucleus of the

stria terminalis; D2: DBA/2NCrl.

https://doi.org/10.1371/journal.pgen.1008358.g007
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transcriptomic data from stressed mice (data sets A and F) and panic disorder patients exposed

to panic attacks (data set H). Due to the large number of data sets, differences in tissue source

and organisms, a recommended exploratory false discovery rate (FDR) of 25% [43] was

applied. Again, we found enrichment of several mitochondria and translational control-related

gene sets (Fig 7D). Intriguingly, the enriched gene sets in the panic disorder patients’ blood

cells, both directly and 24 h after exposure-induced panic attack in comparison to the baseline,

showed a similar pattern to D2 mice exposed to CSDS, including downregulation of the genes

in the enriched pathways. Thus, although we found opposite gene expression patterns in the

two mouse strains, the pattern of the highly stress-susceptible mouse strain resembled that of

panic disorder patients. These results suggest that the systemic transcriptional regulation of

mitochondrial pathways is an evolutionarily-conserved response to anxiety in both humans

and mice.

Susceptibility to psychosocial stress is associated with differences in

mitochondrial morphology and number in the B6 BNST

To determine if the observed differences in mitochondrial gene and protein expression are

associated with changes in mitochondrial morphology in the pre-synaptic or post-synaptic

compartments of neurons, we carried out transmission electron microscopy (TEM) in the

BNST after CSDS in B6 and D2 mice. We classified mitochondria as “synaptic” if the synaptic

density and vesicles within the post-synaptic terminal were clearly visible (Fig 8A). We

observed stress-associated differences in maximum (length) and minimum (width) diameters

of mitochondrial cross-sections in the B6 but not in the D2 strain. The B6 susceptible mice

had on average 8.4% shorter mitochondrial cross-sections (maximum diameter) than B6 con-

trols (Padj = 0.003) (Fig 8B), but no differences in the width (Fig 8C). However, the mean

mitochondrial cross section length/width ratio in D2 susceptible, but not B6, mice was 5%

larger than in the resilient group (Padj = 0.003) indicative of increased maximum, but

decreased minimum, diameter (Fig 8D). The mean number of mitochondrial cross-sections

was not influenced by stress (Fig 8E). However, when we investigated the pre-synaptic and

post-synaptic compartments separately (Fig 8F and 8G), we detected 39% more pre-synaptic

cross-sections in susceptible compared to the control B6 mice and 46% less post-synaptic

cross-sections in resilient compared to the susceptible B6 mice. In addition, we observed sig-

nificant strain differences. In general, B6 mice had wider diameter and smaller number of

mitochondrial cross-sections than D2 mice, both pre- and post-synaptically (Fig 8B, 8F and

8G). Thus, consistently with our gene and protein differential expression data, we observed

significant strain-dependent changes in mitochondrial morphology in the BNST following

CSDS.

Discussion

To identify the key biological pathways mediating resilience and susceptibility to psychosocial

stress, a risk factor for onset and recurrence of anxiety disorders, we applied a cross-species

multi-omics approach. In a chronic psychosocial stress mouse model, we found differential

expression of mitochondrial-related genes and proteins both in the BNST and blood cells.

However, the pattern of differential expression was opposite in the B6 and D2 mouse strains.

Subsequently, we tested whether the same pathways are involved in acute anxiety provocation

in panic disorder patients. Our analyses revealed a consistent convergence of differentially

expressed mitochondria-related pathways in the blood samples from panic disorder patients

after exposure-induced panic attack. As in the stress-susceptible D2 mice, these genes were

downregulated during and after panic attack in patients. Consistently, we observed significant
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strain-dependent stress-associated differences in mitochondrial morphology in the BNST.

Taken together, our results have uncovered an evolutionarily-conserved mitochondrial signa-

ture that characterizes anxiety-related behavior in mammals.

Of the mitochondrial genes, especially those related to oxidative phosphorylation were dif-

ferentially expressed in both BNST and blood cells after chronic stress in mice and during

exposure-induced panic attacks in panic disorder patients. These genes, that regulate both

ATP production and apoptosis, had lower expression levels in the susceptible D2 mice com-

pared to controls and in the panic disorder patients during and after panic attack. The expres-

sion levels of the same genes were higher in the susceptible B6 mice compared to controls. In a

bidirectionally bred mouse model of trait anxiety (the HAB/LAB mice), we previously

observed increased expression of electron transport chain proteins in the cingulate cortex

Fig 8. Chronic social defeat stress affects BNST mitochondrial morphology of B6 and D2 mice. (A) Transmission electron

microscopy image showing pre- and post-synaptic neuronal compartments, mitochondria (red) and vesicles (yellow) located next to

the synapse. (B-G) Graphs showing mean differences between B6 and D2 stress-susceptible, resilient and control mice in (B)

maximum (length) and (C) minimum (width) diameters of mitochondrial cross-sections, (D) mean mitochondrial cross-section

length/width ratio, i.e., maximum/minimum diameter (E) mean number of mitochondrial cross-sections (F-G) number of

mitochondrial cross-sections per (F) pre-synaptic and (G) post-synaptic cellular compartment. P-values were adjusted for multiple

testing with test-wise Bonferroni correction. Mean values ± S.E.M. B6: C57BL/6NCrl; Con: control; D2: DBA/2NCrl; Res: resilient;

Sus: susceptible.

https://doi.org/10.1371/journal.pgen.1008358.g008
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synaptosomes of the high-anxiety mice [47]. In an outbred strain rat model of social behavior,

highly anxious rats that were prone to become subordinate during a social encounter with a

rat with low levels of anxiety had lower levels of mitochondrial complex I and II proteins in

the nucleus accumbens [48]. In a study that specifically investigated gene expression of

mtDNA-encoded genes [49], four of these genes (mt-Nd1, mt-Nd3, mt-Nd6, and mt-Atp6)

were downregulated after acute immobilization stress in the hippocampus. However, after

chronic immobilization stress mt-Nd6 was upregulated. These effects were mediated by gluco-

corticoids. Thus, also previous studies have found changes in brain mitochondrial gene expres-

sion in anxiety-like behavior and after stress, but the directionality of these changes was

depended on the model of anxiety and the duration of the applied stressor (e.g. acute versus

chronic stress). Our results extend these previous observations by showing that the directional-

ity of the changes may likely be influenced by the genetic background of the strain, and may be

related to the innate anxiety level or stress susceptibility of these strains. Moreover, the greatest

advantage of multi-omics studies is their ability to identify the most significantly affected path-

ways from measurements of thousands of molecules. Although mitochondrial pathways have

previously been associated with anxiety, our hypothesis-free approach established their dysre-

gulation as a major brain stress response.

We also observed differences in mitochondrial morphology and/or number of mitochon-

drial cross-sections in B6 and D2 mice after CSDS in the BNST. Stress-susceptible B6 mice had

a larger number but shorter pre- and post-synaptic mitochondrial cross-sections compared to

B6 control or resilient mice. In the D2 strain, stress-susceptible mice had slightly increased

mitochondrial cross-section length/width ratio compared to the resilient mice. Previously,

nocturnal aggression stress has been associated with slightly smaller pineal gland mitochon-

drial size in gerbils [50]. Chronic, but not acute, immobilization stress in rats leads to increased

mitochondrial area in hippocampal mossy fiber terminals [51]. Thus, psychological stress is

associated with morphological changes of mitochondria, but how these changes relate to mito-

chondrial function remains to be revealed. Cellular stress can affect mitochondrial morphol-

ogy, e.g. in the form of hyperelongation, donut formation, or fragmentation in response to

cytochrome c release [52]. In response to ER stress, which leads to downregulation of protein

synthesis through the eIF2 pathway involved in mRNA translation, mitochondria reshape and

become longer to promote cellular energy levels [53]. It has been proposed that the cumulative

effect of stressors over time contribute to mitochondrial allostatic load and overload, and as a

consequence lead to recalibration of mitochondrial structure and functional adaptation (e.g.

activation of hormonal receptors) as well as dysregulation of gene expression, inflammatory

response, and apoptosis [54–56]. In this model, mitochondria interact bidirectionally with

stress mediators, but their adaptive capacity and the direction of changes related to mitochon-

drial function in response to stressors depend on the innate resilience of the organism and the

effects of long-term programming during critical developmental periods.

In addition to the opposite directionality of mitochondria-related pathways, we found

strain-specific expression patterns of differentially expressed miRNAs. Notably, miR-34c was

expressed at a lower level in both blood cells and BNST of B6 resilient mice compared to con-

trols after CSDS. Several members of the miRNA-34 family are differentially expressed in psy-

chiatric conditions in humans: miR-34a is expressed at a higher levels in blood cells of patients

with schizophrenia [57], and miR-34b-5p and mir-34c-5p in patients of major depressive dis-

order [58]. Furthermore, miR-34a expression is higher in the postmortem cerebellum of

patients with bipolar disorder [59]. In mice, we have previously shown that both miR-34a and

miR-34c are induced by acute and chronic stress in the amygdala, and that injection of miR-

34c to amygdala is anxiolytic after a stress challenge [60]. In a rat model of early adolescent

traumatic stress, miR-34c was upregulated in the hypothalamus [61]. Many of the miR-34
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family effects on stress may be mediated through the CRFR1 [60]. We did not find CRFR1 dif-

ferential expression in the BNST or blood, suggesting existence of alternative main targets in

these tissues. In addition to these two miRNAs differentially expressed only in the B6 strain,

we found two out of three miRNAs, miR-148a and miR-181b, to be DE in opposite directions

between the strains in blood cells. miR-148a has been previously associated with panic disor-

der [45] and miR-181b has been identified as a possible marker for schizophrenia [46] and Alz-

heimer’s disease [62]. Higher expression of miR-181b has been previously correlated with an

increase in mitochondrial oxidative stress and oxidative DNA damage [63], an early and sys-

temic process in the pathophysiology of Alzheimer’s disease [64, 65]. Both miRNAs are highly

conserved between mice and humans [66].

In addition to differential expression of mitochondria-related pathways and miRNAs, we

found distinct molecular responses in the two strains in dopamine- and cAMP-regulated neu-

ronal phosphoprotein (DARPP-32/PPP1R1B) and associated Dopamine-DARPP-32 Feedback

in cAMP and Ca2+ Signaling pathway. Increased expression of DARPP-32 protein was previ-

ously observed in the prefrontal cortex and the amygdala of socially defeated B6 mice [36].

DARPP-32 has been proposed to act as an integrator of dopaminergic and glutamatergic sig-

naling [67] and elevated levels of its truncated isoform were reported in schizophrenia, bipolar

disorders and major depression as well as poor cognitive functioning [40]. These results impli-

cate genetic background-dependent differences in susceptibility to chronic stress between the

strains [68, 69]. Overall, our results suggest that transcriptomic response to stress is strongly

dependent on the genetic background.

At the behavioral level, innately anxious D2 mice were more susceptible to CSDS than the

less anxious B6 mice. While relatively few studies have examined strain differences in response

to repeated stress [68, 70–72], and CSDS in particular [4, 73, 74], their findings similarly impli-

cate heightened stress susceptibility in more anxious strains (e.g., BALB/cJ, D2). D2 resilient

mice responded to CSDS with higher stress-induced locomotor activity in comparison to the

D2 susceptible mice. Additionally, D2 resilient mice with higher social interaction ratios also

had an elevated latency to immobility in the FST, suggesting resistance to behavioral despair

or lack of adaptation aimed at energy conservation in the face of inescapable situation [75, 76].

In contrast, B6 mice did not differ in either measurement. The two strains also varied in the

body weight development during and after CSDS. While the body weight decreased in the

defeated D2 mice in comparison to the D2 controls and the baseline weight, the defeated B6

mice gained weight during the CSDS, similarly to the B6 controls. Taken together, we found

that genetic background influences adaptation of different stress-coping strategies, as observed

previously [4, 77].

For neuropsychiatric diseases, such as panic disorder, obtaining samples from the brain is

essentially impossible for a reasonably large and representative sample sets. Therefore, the exis-

tence of tissue, which is more accessible and could be used as surrogate for gene expression in

the central nervous system, is crucial. In our data set, the overall gene expression pattern

between the BNST and blood cells was moderately correlated in both mouse strains. These

results are in accordance with previous studies investigating gene expression similarities

between the whole blood and multiple brain regions in humans, and suggest that gene expres-

sion is not perfectly correlated between brain and blood, but may be useful for studying certain

pathways, e.g. related to translational control [78]. On the pathway level, oxidative phosphory-

lation-related genes were differentially expressed both in the mouse BNST and blood cells, and

in the panic disorder patient blood cells. These genes were upregulated in the defeated B6 and

downregulated in the defeated D2 mice compared to controls both in the BNST and blood

cells. Strikingly, this pathway was downregulated in panic disorder patients directly and 24 h

after an exposure-induced panic attack. It is interesting that the gene expression pattern of the
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patients resembles that of the more stress-susceptible mouse strain, suggesting that stress-sus-

ceptibility may involve a general modulation of genes associated with mitochondrial function.

There are several caveats in comparing a post-mitotic brain region to a peripheral biospeci-

men, which are very different in terms of mitochondrial metabolism, but nonetheless, we

observed a consistent and converging signature that warrants further investigations. Alto-

gether, our data reinforce the utility of cross-species approaches in the identification of the bio-

logical basis of human anxiety disorders but advises careful selection of mouse strains for the

best translatability of the findings.

Although we concentrated on mitochondrial pathways and anxiety susceptibility in our fol-

low-up experiments, we also found several pathways in the mouse transcriptomic and proteo-

mic experiments associated with stress resilience. Stress resilience is considered an active,

adaptive response to stress, not merely a lack of maladaptive symptoms [79]. Studying of resil-

ience is challenging in humans due to a lack of well-controlled cohorts. However, translational

studies on stress resilience would be highly warranted to understand the underlying mecha-

nisms providing putative means to enhance resilience in stress-susceptible individuals.

In conclusion, our cross-species multi–omics approach found a systemic evolutionarily

conserved mitochondrial response in anxiety-related behaviors in mice and in panic disorder

patients. We have produced a large amount of mRNA, miRNA, and protein expression data

and made it publicly available to provide a resource for formulation of additional hypotheses

on psychosocial stress-induced anxiety in mice, and panic disorder in humans. Our converg-

ing findings on stress-susceptibility in both brain and blood cells indicated dysregulation of

translation and mitochondrial-related pathways. Further functional studies underlying the

mechanisms behind the observed differences in mitochondrial morphology and the dysregula-

tion of the mitochondria-related genes will provide much needed insight into the molecular

basis of panic disorder and other anxiety disorders, a critical step in developing future targeted

therapies.

Materials and methods

Ethics statements

All animal procedures were approved by the Regional State Administration Agency for South-

ern Finland (ESAVI-3801-041003-2011 and ESAVI/2766/04.10.07/2014) and carried out in

accordance with directive 2010/63/EU of the European Parliament and of the Council, and the

Finnish Act on the Protection of Animals Used for Science or Educational Purposes (497/

2013). All human procedures and research were approved by the Ethics Committee of the Lud-

wig Maximilian University, Munich, Germany, Project MARS Anxiety, IRB Number 318/00,

in accordance with the Declaration of Helsinki. Written informed consent was obtained from

all participants.

Animals

Male 5-week-old B6 and D2, and 13-26-week-old Clr-CD1 (CD-1) mice (Charles River Labo-

ratories, Sulzfeld, Germany) were housed in pathogen-free, humidity- (50 ± 15%) and temper-

ature-controlled (22 ± 2˚C) animal facility on a 12 h light-dark cycle (lights on at 6 a.m.) and

with ad libitum access to Teklad 2916 rodent chow (Envigo, Huntingdon, United Kingdom)

and water. All B6 and D2 mice were acclimatized for 10 days prior to CSDS in groups of 4–6

mice housed in Makrolon Type III cages. CD-1 mice were acclimatized for one week in single

individually ventilated cages (IVC) (Tecniplast, Buguggiate, Italy) prior to CD-1 aggressor

screening.
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Behavioral experiments in mice

CD-1 aggressor screening. Before the beginning of the CSDS paradigm, all CD-1 mice

were screened for appropriate aggression levels as previously described [3, 4, 80].

CSDS. B6 and D2 male mice were subjected to 10-day CSDS (Fig 1A) according to the

original published protocol [80] with few modifications [4]. In brief, the protocol involved a

daily confrontation of maximum of ten minutes of two conspecific mice, the resident (CD-1),

also referred to as the aggressor, and the intruder (B6 or D2) (Fig 1B). The intruder mouse was

rotated every day, during the 10 days of CSDS, to avoid habituation to the aggressors. The

mean duration of the contact with an aggressor for the B6 strain was 6 min 5 s and for the D2

strain 3 min 15 s. During the 10-day protocol, the B6 and D2 control mice were housed in

identical cages, separated by a clear plexiglass divider, with one mouse per side (Fig 1C) [80].

Similar to the defeated mice, every 24 hours the control mouse was placed into a cage with a

new unfamiliar neighbor mouse. However, unlike the defeated mice, the control mice were

always separated by a perforated plexiglass divider and were never in physical contact with

their neighbors.

Social avoidance (SA) test. Twenty-four hours after the last day of CSDS, mice were

exposed to social avoidance test (Fig 1D), as previously described [4, 6]. Briefly, the test con-

sisted of two trials, each lasting 150 sec. During the first trial (no target), the defeated or control

mouse was placed in the center of an open arena (42 cm x 42 cm) in which an empty perfo-

rated plexiglass cylinder was positioned next to one of the walls. During the second trial (tar-
get), the empty plexiglass cylinder was replaced with a new one containing an unfamiliar social

target CD-1 mouse. The movements of the defeated or control mouse were tracked with a

camera connected to a computer with EthoVision XT 10 software (Noldus Information Tech-

nology, Wageningen, Netherlands) and the amount of time the mouse spent in the interaction

zone (IZ), that is the semicircle area around the plexiglass cylinder, was recorded. This test

allowed us to divide the defeated mice into stress-susceptible and stress-resilient groups. To do

so, we determined the mean and median social interaction (SI) ratio for a larger cohort of con-

trol mice separately in each strain (B6 = 126, D2 = 114) [4]. SI ratio was calculated by dividing

the time spent in the IZ during the second trial by the time spent in the IZ during the first trial.

Importantly, we confirmed that the total time of interaction with the aggressors during the

CSDS did not correlate with the SI ratio of the defeated mice in neither the B6 nor the D2

strain (Pearson’s correlation, r = -0.034, P = 0.73 and r = -0.121, P = 0.32, respectively). Subse-

quently, we log-transformed the data from both defeated and control groups, to obtain normal

distribution and removed outliers, defined as mice with SI ratio above > 3 IQRs from the

median. We next divided the defeated mice to stress-resilient and susceptible groups based on

the SI ratio, with the border determined as the controls’ mean SI score minus one SD. The SI

score border value for B6 was 76.49, and for D2 105.99 [4]. Of the B6 mice subjected to SA test,

9% of the susceptible, 20% of the resilient and 35% of the control mice were included in our

previous study [4]. The defeated and control mice for gene expression and proteomic profiling

experiments (see below) were collected across six cohorts, with each cohort being equally

divided between the experiments, and SI ratios being equally distributed between the experi-

ments within each phenotypic group. We selected a subset of defeated and control animals for

the sequencing and proteomics analyses based on their SI ratios. For the resilient and suscepti-

ble groups, we selected mice representing the phenotypic extremes, i.e., those with the highest

and lowest SI ratios, respectively. For the control groups, we selected mice with SI ratios closest

to the mean. We estimated the sample size based on successful prior sequencing experiments

using the CSDS model [4, 16, 81]. However, for some groups (especially D2 resilient mice), we
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were limited by the availability of these mice, which could be obtained with reasonable number

of defeated animals.

Forced swim test (FST) was performed five days after the end of CSDS as described in [4].

Body weight was recorded on days 1, 4, 6, 8, 10 and 12 of the CSDS. Following the exclu-

sion of outliers, defined as a modified Z-score> 3.5 (n = B6: Resilient = 1, Control = 4; D2:

Susceptible = 7, Resilient = 2, Control = 3) [82], mean percentage of original body weight was

calculated as the difference between the first and fourth-12th days, divided by the first body

weight. Inferential statistical testing by mixed-design repeated measure ANOVA with Tukey’s

HSD multiple comparison test was carried out separately for both strains to assess the interac-

tion effect on weight between time and phenotype. One-way ANOVA with Bonferroni correc-

tion was performed to estimate differences between all phenotypic groups, separately for each

strain and day. All calculations were done with SPSS Statistics 25 (IBM, NY, USA).

Gene expression profiling from mouse BNST and blood cells

Brain tissue collection. Mice were sacrificed by cervical dislocation 6–8 days after the end

of the CSDS. The order, in which the mice were sacrificed, was counterbalanced across days

and phenotypes. BNST was dissected as previously described [83]. Briefly, the brain was placed

on a cold steel 1 mm brain matrix. A 2 mm slice was taken using designated anatomical coor-

dinates, the optic chiasms, corresponding to Bregma -0.75–1.25 (Fig 2A). The slice was imme-

diately frozen on dry ice and the area of interest below the lateral ventricles was punched using

blunted 16G microdissecting needle (Sigma-Aldrich, MI, USA). The punches were flash-fro-

zen in liquid nitrogen and stored at -80˚C.

Blood collection. Trunk blood was collected at the moment of decapitation into a 1.3 ml

Eppendorf tube coated with EDTA (Sarstedt, Vantaa, Finland). TRIzol LS reagent (Thermo

Fisher Scientific, MA, USA) was immediately added (3:1 ratio of reagent to blood) and the

samples were stored at -80˚C for a maximum of two weeks prior to RNA extraction [84].

Immunoprecipitation of AGO2 protein. Immunoprecipitation of AGO2-bound miR-

NAs and their target mRNAs was performed as previously described [23].

Sequencing of RNA (RNA-seq), mRNA (mRNA-seq) and small RNA (miRNA-seq). In

total, five sequencing experiments were carried out (Fig 2C), three from the BNST, that is 1)

sequencing of RNA, thereafter called data set A, and 2) sequencing of active miRNAs and their

mRNA targets from the AGO2 immunoprecipitation samples, thereafter called data sets D and

E, respectively, and two from blood cells, that is 3) sequencing of RNA and miRNAs extracted

from blood cells, thereafter called data sets F and G, respectively. The data set A was previously

included as a part of another publication [4]. Total RNA from the BNST and blood cells was

extracted with TriReagent (Molecular Research Center Inc., OH, USA) or TRIzol LS reagent

(Thermo Fisher Scientific, MA, USA), respectively, and RNA from the AGO2 immunoprecipi-

tation samples was isolated using the RNeasy plus kit (Qiagen, Hilden, Germany) according to

the manufacturers’ instructions. RNA quantity was measured using QuBit 2.0 Fluorometer

(Invitrogen, CA, USA) and the quality assessed with an Agilent 2100 Bioanalyzer using RNA

600 Nano Chip and Small RNA Kits (Agilent Technologies, CA, USA).

For RNA-seq (data sets A and F), rRNA was depleted with custom Insert Dependent Adap-

tor Cleavage (InDA-C; data set A) primers or Ribozero Globin depletion Kit (data set F; Illu-

mina, CA, USA) and fragmented using the S2 ultrasonicator (Covaris Inc., MA, USA).

Sequencing libraries were prepared with Ovation Universal RNA-Seq System (data set A;

NuGEN, Leek, Netherlands) or TruSeq Stranded mRNA Library Prep (data set E; Illumina,

CA, USA) or TruSeq Stranded Total RNA (data set F; Illumina, CA, USA) Kits, size-selected

with Pippin Prep (Sage Science, MA, USA) and sequenced on NextSeq 500 (single-end 86 bp,
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84 bp and 75 bp respectively; Illumina, CA, USA). Following quality assesment with FastQC

and adapter trimming with FastX toolkit v0.0.13, PCR duplicates were removed with PRIN-

SEQ v0.20.4 (data set A). Reads were aligned with STAR v2.5.0c [85] using default settings to

mouse genome GRCm38, and annotated to gene exons with HTSeq v0.6.1 [86] using GTF

release 86 (update 2016–10).

For miRNA-seq (data sets D and G), sequencing libraries were prepared with TruSeq Small

RNA Library Prep Kit (data set D; Illumina, CA, USA) and NEXTflex Small RNA-Seq Kit v3

(data set G; Bioo Scientific, TX, USA). The libraries were enriched by size selection with Pippin

Prep (Sage Science, MA, USA) and sequenced on NextSeq 500 (single-end 76 bp; Illumina,

CA, USA). Following adapter trimming with FastX toolkit v0.0.13 (data sets D and G) and

PRINSEQ v0.20.4 (data set G), the reads were aligned to mouse reference miRNAs (miRBase

v21) using miRDeep2 v0.0.7 [87] and to mouse genome GRCm38 (GRCm38) using bowtie

v1.1.1 [88]. The expression levels of mature miRNAs were quantified using miRDeep2 v0.0.7

quantifier.pl module. We excluded one sample from data set D due to failed library

preparation.

Differential expression (DE) analysis was performed using limma eBayes [24, 89] to iden-

tify statistically significantly DE genes between stress-resilient, susceptible, and same-strain

controls. Low-abundance genes were removed prior to data normalization with voom [90],

keeping genes with at least one count per million (CPM) in at least six (data sets A, F-G) or

three (data sets D and E) samples [86]. Subsequently, the data was adjusted for library prepara-

tion batches (data set A), experimental cohort number (data set E) and detected surrogate vari-

ables (data set D) with ComBat [91]. Gene expression data is available under GEO accession

GSE122840.

Proteomic profiling from mouse BSNT

Brain tissue collection. Mice were anesthetized with isoflurane (4.0–4.2% for induction,

2.2–2.3% in 1 L per minute O2-flow for maintenance) and transcardially perfused with 0.9%

saline solution (4˚C). Following perfusion, the mice were decapitated and the BNST was col-

lected as described earlier (Fig 2A).

Proteomic analysis. Four mg mouse BNST tissue was homogenized in 150 μl of protein

extraction buffer (7 M Urea, 2 M Thiourea, 4% (v/w) CHAPS, 2% (v/w) ASB-14, 70 mM DTT)

containing protease inhibitor cocktail tablets (Roche Diagnostics, Mannheim, Germany) and

phosphatase inhibitor cocktails 1 and 2 (Sigma, MO, USA) using a pestle for 2 min and then

sonicating in a water bath. The homogenized sample was centrifuged for 10 min at 20000 g at

4˚C. The supernatant was collected, and the protein concentration was determined with a

Bradford protein assay (Bio-Rad Laboratories GmbH, Munich, Germany). A reference sample

was prepared from an equal mixture of all samples. One hundred μg protein samples were first

reduced at 60˚C for 30 min, and then alkylated by adding 50mM iodoacetamide and incubat-

ing for 30 min at RT in the dark. The samples were washed 3 times with 100 mM phosphate

buffer, 1 M urea, pH 8.5 using Microcom UltraCel YM-30 filter (Millipore, MA USA), by spin-

ning at 14000 g for 3 min at RT. Trypsin digestion was carried out using 1:50 enzyme to pro-

tein ratio with Trypsin sequencing Grade Modified (Serva Electrophoresis GmbH, Heidelberg,

Germany), and incubating overnight at 37˚C. The tryptic peptides were recovered by centrifu-

gation at 15000 g x 10 min. Aliquots equivalent to 20 μg peptides were labeled with ICPL (Iso-

tope Coded Protein Labeling) labeling reagents ICPL0 and ICPL6 (Serva Electrophoresis

GmbH, Heidelberg, Germany), according to the manufacturer’s instruction. ICPL 6 labeled

peptides were mixed with equal amounts of ICPL 0 labeled reference sample. The labeled pep-

tide samples were desalted using OMIX tip (Varian, CA, USA). The desalted ICPL-labeled
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peptides were analyzed in triplicates by LC-MS/MS using Dionex HPLC system (Thermo Sci-

entific, MA, USA) coupled to Q-Tof Impact HD II (Bruker Daltonic, Bremen, Germany) mass

spectrometer. Two μg peptides were separated on an Acclaim PepMap RSLC nano column

(C18, 50 cm x 75 μm) (Dionex, Thermo Scientific, MA USA) at 35˚C, applying a 90 min gradi-

ent from 4 to 45% of 80% acetonitrile in 0.1% formic acid, at 300 nl/min flow rate. The mass

spectrometer was run in positive mode in the mass range from 150 to 2200 m/z. Top 20

method was used to select the precursor ions for MS/MS. MS and MS/MS raw data were

searched against SwissProt Mus musculus database using Mascot v2.3.0.2 (Matrix Science,

London, UK) search engine implemented in ProteinScape v3.0 (Bruker Daltonik, Bremen,

Germany). For the database search, carboamidomethylation on cysteine, ICPL 0 and ICPL 6 at

lysine and aminoterminus were set as stable modifications; methionine oxidation was set as

variable modification. Enzyme was set as trypsin, and one missed cleavage was allowed. The

mass tolerance was set at 10 ppm for the precursor and 0.05 Da for the peptide fragments. The

false discovery rate (PFDR) of 99% for all quantified peptides was determined through a target

decoy approach. The H/L relative peptide quantification ratios were calculated based on the

peptide pairs found in the MS spectra with the support of WRAPLC algorithm implemented

in ProteinScape v3.0. Only proteins identified by at least two unique peptides in two out of

three replicates, and with an H/L variability of less than 30% were selected for downstream

analyses.

Differential expression (DE) analysis. For all selected proteins, an average ratio value

across all technical replicates was calculated, log2-transformed and normalized for systematic

biases with EigenMS [92] method implemented in DanteR R package [93]. The differential

expression analysis was then performed using limma eBayes [24, 89, 94, 95]. Protein expres-

sion data is available at the Center for Computational Mass Spectrometry (MSV000083001).

Human panic disorder sample

Twenty-one (n = 6 males, age 29.33 ± 8.48 years; n = 15 females, age 32.60 ± 9.61 years) non-

medicated panic disorder patients were recruited in the anxiety disorder outpatient unit at the

Max Planck Institute of Psychiatry, Munich, Germany. Panic disorder without (n = 3; 14.3%)

or with (n = 18; 85.7%) comorbid agoraphobia was assigned as the primary diagnosis, mild

secondary depression was allowed (n = 2; 9.5%). The diagnosis was ascertained by trained psy-

chiatrists according to the Diagnostic and Statistical Manual of Mental Disorders (DSM)-IV

criteria as previously described [96]. Exposure sessions were conducted outside the clinic,

depending on the feared situation (e.g. subway, supermarket, tower) and specific concern (e.g.

fainting, asphyxiation, losing control). The kind and site of exposure was determined by the

patient, with the goal of highest fear provocation. On the day of the exposure and post-expo-

sure day, the patients were instructed to eat a certain breakfast; smoking, exercises/sports or

intake of caffeine was not allowed. Each exposure was performed in the morning, starting at 8

a.m. to 9 a.m. For all three time points (baseline, 1 h and 24 h post-exposure) peripheral blood

was collected using PAXgene Blood RNA Tubes (PreAnalytiX, Hombrechtikon, Switzerland)

and processed as previously described [96]. Blood cell RNA was hybridized to Illumina

HumanHT-12 v4 Expression BeadChips (Illumina, CA, USA). Raw probe intensities were

exported with Illumina’s GenomeStudio. Cross-hybridizing probes as well as probes binding

to X and Y chromosomes were removed to avoid a possible gender effect [96]. Probes with

detection P-value larger than 0.05 in> 50% of the samples were excluded from the analysis.

For each transcript, normalization was performed using Variance stabilization and calibration

for microarray data (VSN) R package. Subsequently, technical batches associated to Chip Bar-

code and Bead Chip ID were identified and removed with ComBat [91]. The probes were
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annotated to HGNC GeneSymbols using the Illumina platform annotation file and biomaRt R

package v2.36.1 [97]. Probes not annotated to any genes and those annotated to multiple genes

were excluded from downstream gene set enrichment analyses. Gene expression data is avail-

able in GEO (GSE119995).

Ingenuity Pathway Analysis (IPA). The core and comparison network analyses were

generated with IPA v.48207413 [27] for all genes (data set A) and proteins (data set B) with

nominal P< 0.05 and absolute fold change (|FC|)� 1.2. Analysis comparison is shown for

dysregulated pathways with at least 2/12 comparisons with PFDR< 0.05 and at least 4/12 com-

parisons with P< 0.05 (Fig 4A). In Fig 4B, we selected upstream regulators present in at least

25% of all comparisons with PFDR< 0.05. Pathways and upstream regulators are organized

alphabetically.

Gene set enrichment analysis (GSEA) was applied to all genes and proteins from mouse

gene expression (data sets A and F) and proteomic experiments (data set B), as well as gene

expression data from human PD cohort (data set H). All analyses were run using the Pre-

ranked tool implemented in GSEA Desktop v3.0 [43, 44] and the curated gene sets (C2) of the

Molecular Signature Database (MSigDB) v6.0 (http://www.broad.mit.edu/gsea/). Metric rank

for the analyzed genes and proteins was calculated as described before [98]. The significantly

enriched gene sets present in at least 50% of the data sets, in their respective comparisons (S3

Fig, PFDR< 0.25; and Fig 7D, PFDR< 0.25), and both panic disorder (PD) patients’ blood data

time points (Fig 7D), were selected for visualization. Gene sets are listed alphabetically. The

DE genes, common between the strains in the susceptible mice in comparison to the controls

(data sets A and F) were further investigated by hypergeometric distribution implemented in

the MSigDB v6.0. The 100 most significant results with PFDR< 0.05 were reported.

Gene Ontology (GO) term enrichment. We analyzed GO term enrichment for differen-

tially expressed genes (P< 0.05 and |FC|� 1.2) overlapping between the B6 and D2 suscepti-

ble mice in comparison to the controls using the topGO R package [99], with standard

parameters. Classical enrichment analysis by testing over-representation of GO terms with the

group of differentially expressed genes (P< 0.05) was used for the analysis of human data set

(H). All expressed genes were used as a background.

Western blot analysis

To select proteins for technical validation with Western blot, we performed a literature search

on molecules overlapping the transcriptomic (A and E) and proteomic (B) data sets, and

which were also present in at least one of the significantly dysregulated canonical pathways

(Fig 4A) or mitochondria-related gene sets (S3 Fig), and found nine proteins (ADCY5,

PPP1R1B, QDPR, GAD2, ATP2B1, PPP3CA, ATP6V1E1, GLUD1, and CYCS; Fig 5) [100].

We selected two, PPP1R1B and CYCS, which have been previously associated with psychiatric

disorders [36–39], for validation. Validation samples included a subset of four or five samples

used in LC-MS/MS analysis (data set B), with the exception of all D2 resilent mice being identi-

cal. Ten μg of total protein were separated by SDS-PAGE and transferred to Immobilon-FL

membranes (Merck Millipore, MA, USA). After blocking with 5% non-fat milk in Tris-buffered

saline with 0.1% Tween-20 (TBS/T), membranes were incubated overnight at 4˚C with a pri-

mary antibody: mouse monoclonal anti-Cytochrome C antibody (1∶500, Santa Cruz Biotech-

nology, TX, USA, #sc13156) or mouse monoclonal anti-DARPP-32 antibody (1∶200, Santa

Cruz Biotechnology #sc-271111). After washing, membranes were incubated with horseradish

peroxidase (HRP)-conjugated secondary antibody (goat anti-rabbit, 1∶10000, Cell Signaling

Technology, MA, USA, #7074S or goat anti-mouse, 1∶10000, Santa Cruz Biotechnology, #sc-

516102). Signals were visualized with the Chemi Doc MP Imaging System (BioRad, Munich,
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Germany) after incubating membranes with enhanced chemiluminescence developing solution

(Merck Millipore, Darmstadt, Germany). Expression levels of all proteins were normalized to

Coomassie blue staining signals. Densitometric analyses were carried out using ImageJ software

(National Institutes of Health, MD, USA). Statistical significance was calculated between data

pairs with a one-tailed Student t test using Microsoft Excel.

Transmission electron microscopy

Dissection. Brain sections (n = 3–4 mice per group) were prepared as previously

described [4].

Imaging. Two ultrathin sections per mouse were imaged with Jem-1400 transmission

electron microscope (Jeol, Tokyo, Japan) to collect 20 non-overlapping images (10 images/sec-

tion) at x5000 magnification. We avoided taking images containing nerve tracts and selected

those with only 1 to 3 cross-sections of myelinated fibers to ensure comparability between

images.

Image analysis and quantification. The number of mitochondrial cross-sections and

their size (length and width) were analyzed by a researcher blind to the sample group with the

use of Microscopy Image Browser [101]. The analyzed image area consisted of 17.6 μm2. Only

the mitochondrial cross-sections that fit entirely within the image area, which makes it possible

to measure their maximum (length) and minimum (width) diameter, were counted. Synaptic

densities were identified, and the number of mitochondrial cross-sections localized in the pre-

or post-synaptic compartment was counted.

Statistical analysis. Every statistical group included 60 to 80 images from three to four

animals. Due to the low number of animals per group, and to take into account within-subject

dependencies of individual mitochondria measured from the same animal [102], we analyzed

the group differences using generalized estimating equations. Pairwise contrasts were com-

puted by Fisher’s LSD and corrected for multiple comparisons with the Bonferroni method.

The statistical analysis was performed with SPSS Statistics 25 (IBM, NY, USA).

Supporting information

S1 Fig. Body weight during CSDS. We weighted all mice during CSDS and one day after the

SA test. The percentage change in body weight from the baseline (day one) as a function of

time is shown (mean ± 1 SEM). In the B6 strain, CSDS did not have a significant effect on

body weight as all B6 mice gained weight throughout the duration of the experiment (mixed-

design repeated measures ANOVA, F5,157 = 95.34, P = 9.45E-46). Additionally, no differences

were observed between the susceptible or resilient mice in comparison to the same-strain con-

trols on any day (one-way ANOVA with Bonferroni post hoc test, Padj> 0.134). Conversely,

in the D2 strain, the body weight of all defeated animals decreased during CSDS (mixed-design

repeated measures ANOVA, F2,114 = 41.793, P< 0.001). Although all defeated D2 mice

weighted less than controls throughout (Bonferroni post hoc test, Padj< 0.010) and up to 48 h

after the end of CSDS (Bonferroni post hoc test, Padj< 0.040), the weight of the stress-resilient

and stress-susceptible mice did not differ on any day (one-way ANOVA with Bonferroni post

hoc test, Padj = 1.000). n = B6: Susceptible = 34, Resilient = 77, Control = 55; D2: Suscepti-

ble = 55, Resilient = 6, Control = 59. Outlier criterion: modified Z-score> 3.5. Outliers: n =

B6: Resilient = 1, Control = 4; D2: Susceptible = 7, Resilient = 2, Control = 3. �: Padj< 0.05, ��:

Padj< 0.01, ���: Padj< 0.001. B6: C57BL/6NCrl; D2: DBA/2NCrl.

(TIF)
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S2 Fig. Overlap of differentially expressed genes in the BNST after chronic social defeat

stress. (A-B) Overlap of the differentially expressed (P< 0.05 and |FC|� 1.2) genes between

resilient versus control, susceptible versus control and susceptible versus resilient mice, sepa-

rately in (A) B6 and (B) D2 strains. B6: C57BL/6NCrl; D2: DBA/2NCrl.

(TIF)

S3 Fig. Integrated gene set enrichment analyses (GSEA) show dysregulation of mitochon-

dria-related gene sets. Merged heatmap showing the most significant four overlapping gene

sets between the transcriptomic (data set A) and proteomic (data set B) GSEA results in the

BNST of CSDS mice. Only significant (PFDR< 0.05) normalized enrichment scores (NES) are

shown. Gene sets that did not pass the cut-off are marked in gray (NA). A positive (or nega-

tive) NES for a given gene set implicates its overrepresentation at the top (or bottom, respec-

tively) of the ranked list of upregulated (or downregulated, respectively) genes. Gene sets are

ordered alphabetically. B6: C57BL/6NCrl; BNST: bed nucleus of the stria terminalis; Con: con-

trol; D2: DBA/2NCrl; Res: resilient; Sus: susceptible.

(TIF)

S4 Fig. Correlation between PPP1R1B relative intensity in the BNST as detected by West-

ern blot analysis and social interaction (SI) ratios in the (A) B6 strain and (B) D2 strain.

B6: C57BL/6NCrl; BNST: bed nucleus of the stria terminalis; D2: DBA/2NCrl; PPP1R1B: pro-

tein phosphatase 1 regulatory subunit 1B; r: Pearson correlation coefficient.

(TIF)

S1 Table. The effect of chronic social defeat stress on behavior in B6 and D2 mice. All anal-

yses performed with SPSS Statistics 25. B6: C57BL/6NCrl; D2: DBA/2NCrl; SA: social avoid-

ance.

(XLSX)

S2 Table. Number of differentially expressed mRNAs, miRNAs, and proteins after chronic

social defeat stress. B6: C57BL/6NCrl; BNST: bed nucleus of stria terminalis; Con: control;

D2: DBA/2NCrl; Res: resilient; Sus: susceptible.

(XLSX)

S3 Table. 100 most significantly enriched gene sets (PFDR< 0.05) within the differentially

expressed genes (P< 0.05 and |FC|� 1.2) overlapping between the B6 and D2 susceptible

versus control comparisons in the BNST (data set A). Analysis performed with MSigDB v6.0

C2 curated gene sets. B6: C57BL/6NCrl; BNST: bed nucleus of the stria terminalis; D2: DBA/

2NCrl.

(XLSX)

S4 Table. Significantly enriched Gene Ontology (GO) terms (PFDR< 0.05) within the dif-

ferentially expressed genes (P< 0.05 and |FC|� 1.2) overlapping between the B6 and D2

susceptible versus control comparisons in the BNST (data set A). Analysis performed with

topGO R package. B6: C57BL/6NCrl; BNST: bed nucleus of the stria terminalis; D2: DBA/

2NCrl; GO: Gene Ontology.

(XLSX)

S5 Table. Ingenuity Pathway Analysis (IPA) miRNA Target Filter results of identified dif-

ferentially expressed (P< 0.05 and |FC|� 1.2) active miRNA-mRNA pairs (data sets D

and E) from AGO2 immunoprecipitation-sequencing in the BNST after chronic social

defeat stress. B6: C57BL/6NCrl; BNST: bed nucleus of the stria terminalis; FC: fold change;
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IPA: Ingenuity Pathway Analysis.

(XLSX)

S6 Table. Overlap between statistically significant differentially expressed (P< 0.05 and |

FC|� 1.2) transcriptomic (data sets A and E) and proteomic (data set B) data. Data gener-

ated from mouse BNST following exposure to chronic social defeat stress. All non-significant

results (P> 0.05 and |FC| < 1.2) are indicated by a hyphen ("-"). B6: C57BL/6NCrl; D2: DBA/

2NCrl; FC: fold change.

(XLSX)

S7 Table. 100 most significantly enriched gene sets (PFDR< 0.05) within the differentially

expressed genes (P< 0.05 and |FC|� 1.2) overlapping between the B6 and D2 susceptible

versus control comparisons in the blood cells (data set F). Analysis performed with MSigDB

v6.0 C2 curated gene sets. B6: C57BL/6NCrl; BNST: bed nucleus of the stria terminalis; D2:

DBA/2NCrl.

(XLSX)

S8 Table. Significantly enriched Gene Ontology (GO) terms (PFDR< 0.05) within the dif-

ferentially expressed genes (P< 0.05 and |FC|� 1.2) overlapping between the B6 and D2

susceptible versus control comparisons in the blood cells (data set F). Analysis performed

with topGO R package. B6: C57BL/6NCrl; BNST: bed nucleus of the stria terminalis; D2:

DBA/2NCrl; GO: Gene Ontology.

(XLSX)

S9 Table. Differentially expressed (P< 0.05 and |FC|� 1.2) miRNA in blood cells of B6

and D2 mice subjected to chronic social defeat stress (data set G). All non-significant results

(P> 0.05 and |FC|< 1.2) are indicated by a hyphen ("-"). B6: C57BL/6NCrl; D2: DBA/2NCrl;

FC: fold change.

(XLSX)

S10 Table. Significantly overrepresented Gene Ontology (GO) terms (PFDR< 0.05) within

the differentially expressed genes (P< 0.05) in panic disorder (PD) patients’ blood cells

(data set H) collected directly and 24 h after exposure-induced panic attack in comparison

to baseline measurement (0 h and 24 h, respectively). Analysis performed with topGO R

package. GO: Gene Ontology.

(XLSX)
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