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ABSTRACT 29 

 30 

Analyses of postmortem human brains and preclinical studies of rodents have identified 31 

somatostatin (SST)-positive interneurons as key elements that regulate the vulnerability to 32 

stress-related psychiatric disorders. Conversely, genetically induced disinhibition of SST 33 

neurons or brain region-specific chemogenetic activation of SST neurons in mice results in 34 

stress resilience. Here, we used RNA sequencing of mice with disinhibited SST neurons to 35 

characterize the transcriptome changes underlying GABAergic control of stress resilience. We 36 

found that stress resilience of male but not female mice with disinhibited SST neurons is 37 

characterized by resilience to chronic stress-induced transcriptome changes in the medial 38 

prefrontal cortex. Interestingly, the transcriptome of non-stressed stress-resilient male mice 39 

resembled the transcriptome of chronic stress-exposed stress-vulnerable mice. However, the 40 

behavior and the serum corticosterone levels of non-stressed stress-resilient mice showed no 41 

signs of physiological stress. Most strikingly, chronic stress exposure of stress-resilient mice 42 

was associated with an almost complete reversal of their chronic stress-like transcriptome 43 

signature, along with pathway changes indicating stress-induced enhancement of mRNA 44 

translation. Behaviorally, the mice with disinhibited SST neurons were not only resilient to 45 

chronic stress-induced anhedonia — they also showed an inversed anxiolytic-like response to 46 

chronic stress exposure that mirrored the chronic stress-induced reversal of the chronic stress-47 

like transcriptome signature. We conclude that GABAergic dendritic inhibition by SST neurons 48 

exerts bidirectional control over behavioral vulnerability and resilience to chronic stress 49 

exposure that is mirrored in bidirectional changes in expression of putative stress resilience 50 

genes, through a sex-specific brain substrate. 51 

 52 

  53 
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INTRODUCTION 54 

 55 

Chronic and excessive amounts of stress are vulnerability and symptoms-precipitating factors 56 

for virtually all psychiatric disorders, especially depressive disorders, posttraumatic stress 57 

disorder (PTSD), and schizophrenia (SCZ). However, individuals differ significantly in their 58 

susceptibility to stress, pointing to differences in stress resilience, a feature that has been 59 

described by the American Psychological Association as “the process and outcome of 60 

successfully adapting to difficult or challenging life experiences” 61 

(https://dictionary.apa.org/resilience, last checked June 6, 2024). Clinical and preclinical studies 62 

have identified somatostatin (SST)-positive GABAergic interneurons in the frontal cortex as key 63 

elements regulating the vulnerability to stress. Specifically, SST protein and mRNA and other 64 

transcripts that map to these neurons are downregulated in postmortem brain of subjects who 65 

died with major depressive disorder (MDD), bipolar disorder (BP), or SCZ, as well as in 66 

association with aging and Alzheimer’s disease 1-7. Preclinical studies suggest that reduced SST 67 

neuron function may causally contribute to these conditions, as SST is downregulated following 68 

chronic stress exposure 8 and deliberately inhibiting SST neuron activity leads to heightened 69 

emotional behavior and cognitive deficits associated with mental disorders and aging 9-11.  70 

SST interneurons preferentially innervate the distal dendrites of pyramidal cells, modulating the 71 

strength of excitatory inputs 12, 13. Feedforward inhibition mediated by SST neurons scales with 72 

the strength of their excitatory input from the basolateral amygdala 14. In addition, inhibitory 73 

synaptic inputs from SST neurons onto pyramidal cell dendrites are strengthened post-74 

synaptically by hetero-synaptic NMDA-receptor-mediated plasticity 15. Together, these features 75 

predict that GABAergic inhibition of pyramidal cell dendrites by SST neurons exerts a naturally 76 

neuroprotective role that is amplified during increased network load but may get compromised 77 

under psychopathological and chronic stress conditions, as well as during aging 7, 11. Indeed, a 78 

single 1-h immobility stressor leads to lasting activation of SST neurons 14. Consistent with the 79 
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neuroprotective role of SST neurons, we showed that mice with globally disinhibited SST 80 

neurons (through cell type-specific inactivation of the Gabrg2 gene in SSTCre:γ2f/f mice) exhibit 81 

biochemical and behavioral alterations that mimic the effects of antidepressant drug treatment, 82 

including resilience to the anxiogenic effects of uncontrolled chronic mild stress exposure 8, 16. 83 

Therefore, increased excitability of SST neurons in SSTCre:γ2f/f mice strengthens naturally 84 

stress-induced neuroprotective circuits that lead to stress resilience. Here, we adopted the 85 

Chronic Variable Stress (CVS) paradigm 17, 18 to further characterize the resiliency phenotype of 86 

SSTCre:γ2f/f mice under more severe chronic stress conditions and to elucidate transcriptome 87 

signatures and mechanisms that underlie GABAergic induction of stress resilience. 88 

In a landmark study elucidating gene expression changes associated with stress resilience in 89 

the chronic social defeat stress (CSDS) model, Krishnan et al. showed that resilience is an 90 

active process involving significantly more stress-induced gene expression changes than 91 

observed in stress-vulnerable mice 19, 20. A strength of this model is that it makes no prior 92 

assumptions regarding circuits and gene expression changes that mediate stress resilience. 93 

The genetically induced SSTCre:γ2f/f model used here differs in that it focuses a priori on 94 

GABAergic microcircuits that promote stress resilience via cortical brain regions 8, 16, 21. This 95 

model comes with the key advantage that it allows for the molecular comparison of non-96 

stressed (NS) stress-resilient mice with stressed or NS stress-susceptible mice as well as 97 

stressed stress-resilient mice — a feature that is not possible with the CSDS model. Therefore, 98 

the SSTCre:γ2f/f model allows testing whether stress-resilient mice differ from stress-vulnerable 99 

mice with respect to physiological parameters that do not involve chronic stress exposure. 100 

Lastly, unlike the standard CSDS model, the SSTCre:γ2f/f model is readily amenable to both 101 

sexes. 102 

 103 

CVS exposure of SSTCre:γ2f/f mice revealed resilience to CVS with respect to both anxiety- and 104 

anhedonia-related changes in motivated behavior in both sexes. However, RNA sequencing 105 
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(RNA-Seq) of the mPFC revealed that SST neuron-mediated resilience in this brain region is 106 

male-specific. Focusing on male mice, we then compared the CVS-induced transcriptome 107 

changes of stress-vulnerable mice with those of stress-resilient mice, as well as with 108 

transcriptome changes between NS stress-vulnerable and stress-resilient mice. We found that 109 

stress resilience is associated with stress-induced upregulation of mRNA translation while 110 

stress vulnerability is associated with downregulation of mRNA translation, cell adhesion and 111 

diverse inter- and intracellular signaling pathways. Remarkably, the transcriptome changes of 112 

NS stress-resilient mice partly mimicked the transcriptome signature of CVS-exposed stress-113 

vulnerable mice. Most strikingly, CVS exposure of stress-resilient mice resulted in the reversal 114 

of the transcriptome changes of NS stress-resilient vs NS stress-vulnerable mice. 115 

 116 

 117 

MATERIALS AND METHODS 118 

 119 

Animals 120 

All animal experiments were approved by the Institutional Animal Care and Use Committees 121 

(IACUC) of The Pennsylvania State University and performed in accordance with guidelines of 122 

the National Institutes of Health (NIH). SSTCre mice (also known as Sst tm2.1(cre)Zjh/J, Stock No. 123 

013044) and C57BL/6J mice (BL6, Stock No. 000664) were obtained from Jackson Laboratory 124 

(Bar Harbor, ME, USA). The γ2f/f mouse line (Gabrg2tm2Lusc/J, Stock No: 016830, Jackson 125 

Laboratory) containing a Gabrg2 allele flanked by loxP sites was generated in house22. All mice 126 

were backcrossed to the BL6 strain for at least five generations and maintained on a 12:12 h 127 

normal light-dark cycle with food and water available ad libitum on corn cob bedding. The mice 128 

were genotyped by PCR of tail DNA at the time of weaning as described on the JAX website, 129 

separated by genotype and sex into experimental groups, and then moved to a 12:12h reversed 130 

light-dark cycle. Male and female experimental mice were maintained on separate cage racks 131 
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and, whenever possible, in separate rooms to inhibit the estrus cycling of females 23. All 132 

experiments were done with the experimenter blinded to genotype and treatment.  133 

 134 

Chronic variable stress treatment 135 

Experimental groups of mice that differed in sex and genotype were further divided into NS and 136 

CVS groups with balancing for sucrose preference and body weight and housed 2-3 per cage. 137 

CVS exposure was initiated at the age of 8–10 weeks and included three different stressors 138 

repeated for a total of 21 days 17, 18, starting on day one with a 1-h tail suspension stressor, 139 

followed on day two with a 1-h restraint stressor during which the mice were placed into 140 

perforated 50 ml falcon tube, and followed on day three with exposure to 100 randomly 141 

distributed foot shocks (0.45 mA x 3 s) within 1 h, using max 10 mice per chamber of a two-142 

compartment shuttle box with the connecting gate closed (SanDiego Instruments, San Diego, 143 

CA). After each stressor, the mice were returned to their home cage. At the end of CVS 144 

treatment, all mice were singly housed in preparation for further analyses. 145 

 146 

Behavioral analyses 147 

Behavioral tests were initiated 18–24 h after the last stressor by an experimenter blinded to 148 

genotype and CVS treatment, starting 1 h after the lights went off. All behavioral experiments 149 

(except for the open field test (OFT)) were conducted under red light, starting with the novelty 150 

suppressed feeding test (NSFT), followed by the sucrose splash test (SSPT), sucrose 151 

preference test (SPT), female urine sniffing test (FUST) for males only, and OFT. For the NSFT 152 

16, 24, the mice were food-deprived for 18 h, transferred to the corner of a novel Plexiglass arena 153 

(50 x 50 x 20 cm) containing three cm of saw dust bedding and a pellet of rodent chow placed 154 

on a white cotton nesting square (6 x 6 x .5 cm) in the center of the arena. The latency to feed 155 

was hand-scored with feeding defined as the mouse biting into the chow while resting on its 156 

hind paws. Trials were stopped after 5 min, even if no feeding occurred. For the OFT, the mice 157 
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were allowed to explore an odor-saturated arena of 50 x 50 x 20 cm with opaque Plexiglass 158 

walls and a transparent floor underlaid with white reflective paper, exposed to white light (75 159 

lux). The distance traveled within the first 5-min was recorded using Ethovision XT (Noldus 160 

Information Technologies, Leesburg, VA). For the SSPT 25, the mice were transferred to an 161 

empty cage and sprayed on their backs with 1 mL of 10% sucrose solution to stimulate 162 

grooming behavior. The mice were immediately returned to their home cage and the grooming 163 

duration was scored manually for 5 min. For the SPT 17 the mice were trained to drink water 164 

from two 25 mL sealed plastic pipettes for 24 h. The following day, one of the pipettes was 165 

replaced with 1% sucrose for 24 h. The pipettes were weighed at the start and end of the trial. 166 

Sucrose preference was defined as the ratio of sucrose consumption to the total liquid 167 

consumption. For the FUST 26, male mice were accustomed to a sterile cotton-tip applicator 168 

(Patterson Veterinary Supply, Saint Paul, MN) in their home cage for 30 min. For the test, the 169 

mice were first exposed to a new water-soaked cotton-tip for 3 min. After 45 min they were 170 

exposed to a fresh female-urine-soaked cotton-tip for another 3 min. The behavior was video-171 

recorded, and the duration spent sniffing the female urine was scored offline. Notably, the cages 172 

did not have cage lids or wire tops during the entire procedure, and the test is applicable to male 173 

mice only.  174 

 175 

Analyses of gene expression by RNA-Seq 176 

Library preparation and RNA-Seq: Mice were sacrificed by cervical dislocation 24 hours after 177 

the last stressor. The mPFC was dissected from 1 mm coronal sections prepared using a 178 

mouse brain matrix (Stoelting Co., Wood Dale, IL), followed by extraction of total RNA using a 179 

GenElute™ Mammalian Total RNA Miniprep Kit and on-column DNase I treatment (Qiagen). 180 

The RNA integrity number and concentration were assessed using a Fragment Analyzer 181 

(Agilent 5400). Messenger RNA was purified from 400 ng of total RNA, and libraries were 182 

constructed using the NEBNext Ultra™ II Directional RNA Library Prep Kit for Illumina (New 183 
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England Biolabs). The libraries were sequenced on an Illumina NovaSeq 6000 system at a 184 

depth of 20 million 150-bp paired-end reads per sample. RNA reads were filtered using fastp 185 

v.0.23.2 27 to remove sequencing adapters and reads shorter than 50-bp and aligned to the 186 

mouse genome GRCm39 using STAR aligner v.2.7.10b 28. The STAR genome index was 187 

constructed using the annotation v.M32 downloaded from GENCODE. FeatureCounts 29 was 188 

utilized to quantify read pairs aligned to exons at the gene level in a strand-specific mode. Read 189 

pairs aligned to multiple genes were excluded from the analysis. The sequence data can be 190 

accessed from NCBI (Accession Number) 191 

 192 

Differential Expression Analysis: mRNA read pair counts were extracted from RNA-Seq data 193 

and differential expression analysis was performed using DESeq2 v.1.40.2 30. Genes were 194 

selected for further analysis if they had more than 5 reads in a number of samples equal to or 195 

exceeding the size of the smallest experimental group. A cutoff of p < 0.01 was used to identify 196 

differentially expressed genes (DEGs). The correlation coefficients of Log2 fold changes (FC) 197 

between different contrasts were computed using the Spearman method. The lists of DEGs are 198 

available in Tables S1–S11. 199 

 200 

Subsampling and Subsequential Differential Expression Analysis: Three samples were 201 

randomly selected from each condition, considering all possible combinations. Differential 202 

expression analyses were then conducted for all possible subsampled sets of samples to 203 

generate multiple DEG counts for each of the contrasts compared. If the number of sample 204 

combinations varied between contrasts, a random selection of samples was performed to 205 

equalize the sample numbers across contrasts. 206 

 207 

Principal Component Analysis (PCA): PCA was conducted using the DESeq2 R package 30. 208 

Batch differences between male and female samples were removed using ComBat-seq 31 209 
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followed by a variance stabilizing transformation. The top 1,000 genes based on variance were 210 

used for PCA using the plotPCA function. 211 

 212 

Pathway enrichment analysis: Pathway enrichment analyses were conducted using Ingenuity 213 

Pathway Analysis (IPA) (QIAGEN, Inc.). A cutoff of p < 0.05 was applied to select altered 214 

pathways. The pathway activation and inhibition states were assessed using IPA’s activation Z-215 

score tool. Pathway comparisons were done using IPA’s integrated comparison analysis tool 216 

and ranked by Z-score. For clarity, the pathways related to coronavirus pathogenesis, cancer, 217 

autism and pancreatic secretion were excluded from the rankings. Pathway lists are available in 218 

Tables S12–S17. 219 

 220 

Disease enrichment analysis: Disease enrichment analysis was performed on Enrichr 221 

(https://maayanlab.cloud/Enrichr/) 32-34 utilizing the DisGeNET library 35-38 after the mouse gene 222 

identifiers (IDs) were transferred to human gene IDs using the SynGO ID convert tool 39. A cutoff 223 

of p < 0.05 was applied to identify enriched diseases. Genes associated with the enrichment 224 

terms MDD (sum of MDD, unipolar depression and depressive disorders), BP, PTSD, and SCZ 225 

were extracted for further analysis. 226 

 227 

Measurement of serum corticosterone 228 

Serum corticosterone (CORT) was measured nine days after the end of CVS, five to seven 229 

hours after the start of the dark phase, using an ELISA kit (Enzo Life Sciences, Farmingdale, 230 

NY) and a SepctraMax® i3x microplate reader (Molecular Devices LLC, San Jose, CA) and 231 

SoftMax® Pro 7 Software (Molecular Devices LLC). 232 

 233 
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Statistical analyses 234 

Statistical analyses were performed using Prism 10 software (GraphPad, La Jolla, CA). Outliers 235 

identified with the ROUT method were omitted from analyses. Pairwise comparisons of data that 236 

satisfied the normality assumption were compared using a two-tailed Student’s t-test. Data that 237 

failed the equal variance assumption were compared using Welch’s two-sided t-test. Two- and 238 

three-way ANOVAs were employed to analyze multi-group means with Tukey’s post hoc testing. 239 

Data that did not meet the normality assumption were log transformed before further analyses 240 

or analyzed using Mann Whitney tests. 241 

 242 

RESULTS 243 

 244 

SSTCre:γ2f/f mice are resilient to CVS-induced changes in motivated behavior 245 

independent of sex 246 

We previously reported that SSTCre:γ2f/f mice are resilient to the anxiogenic effects of 247 

uncontrolled chronic mild stress exposure 8. However, this protocol had failed to reliably induce 248 

anhedonia-like changes in rewarding behavior and thereby prevented us from testing the mice 249 

for resilience in this behavioral domain. Here we adopted a CVS protocol (Figure 1A), which in 250 

SSTCre control mice results in both anxiety-like and anhedonia-like changes in motivated 251 

behavior. Weekly measurements of body weight during CVS exposure revealed similar stress-252 

induced attenuation of body weight gain in SSTCre and SSTCre:γ2f/f male and female mice 253 

(Figure 1B, F). Thus, with respect to whole body physiology all mice seemed to experience 254 

stress similarly, independent of genotype and sex. Separate cohorts of SSTCre, SSTCre:γ2f/+, 255 

SSTCre:γ2f/f mice were then subjected to CVS or NS control conditions to test for stress-256 

induced changes in negatively (NSFT) and positively regulated motivated behavior (FUST, 257 

SSPT, SPT).  258 

 259 
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In male SSTCre mice, CVS exposure resulted in an increased latency to feed in the NSFT 260 

(Figure 1C), a decreased time spent sniffing female urine in the FUST (Figure 1D), and a 261 

reduced time spent in the center in the OFT (Figure S1A), indicating both anxiety-like increases 262 

in negatively regulated motivated behavior and anhedonia-like reductions in positively regulated 263 

motivated behavior. The behavioral measures in the SSPT and SPT were not informative as 264 

they were largely unaffected by CVS (Figure S1B, C). In striking contrast to SSTCre controls, 265 

SSTCre:γ2f/+ and SSTCre:γ2f/f mice showed a CVS-induced reduction in the latency to feed in 266 

the NSFT, indicating that they were not only resilient to CVS, but that the stress effect was 267 

opposite to that observed in SSTCre controls (Figure 1C), with the animals seemingly 268 

becoming less anxious following stress. In the FUST, SSTCre:γ2f/f but not SSTCre:γ2f/+ male 269 

mice were resilient to CVS-induced reductions in female urine sniffing duration, indicating that 270 

stress resilience extends to positively regulated motivated behavior and that the degree of 271 

resilience scales with the level of disinhibition of SST neurons (Figure 1D). In the OFT, neither 272 

the behavior of SSTCre:γ2f/+ mice nor of SSTCre:γ2f/f mice was significantly affected by stress 273 

(Figure S1A), which is again consistent with stress resilience, even though in this case the 274 

mutants did not differ from the SSTCre controls. 275 

 276 

Female littermate mice were tested analogously, a couple of weeks after the males for practical 277 

reasons. In the NSFT, SSTCre female mice failed to show a CVS effect, in contrast to males. 278 

However, CVS of SSTCre:γ2f/+ and SSTCre:γ2f/f female mice resulted in a reduced latency to 279 

feed (Figure 1G), which is indicative of stress resilience similar to males. In the OFT, female  280 

SSTCre:γ2f/+ and SSTCre:γ2f/f mice showed a CVS effect similar to SSTCre controls (Figure 281 

S1D). As for males, CVS of female mice had no effect on behavior in the SSPT and SPT 282 

(Figure S1E, F). In summary, the data suggest that female mice with disinhibited SST neurons 283 

are resilient to CVS-induced changes in negatively motivated behavior assessed in the NSFT. 284 
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Changes in positively motivated behavior could not be assessed as behavior in the SSPT and 285 

SPT was unaffected by stress and the FUST is not applicable to females.  286 

 287 

SSTCre:γ2f/f male but not female mice are resilient to CVS-induced changes in the mPFC 288 

transcriptome 289 

We next assessed whether disinhibition of SST neurons results in stress resilience at the 290 

transcriptome level (Figure 2A). We focused on the medial prefrontal cortex (mPFC) as a brain 291 

region known to control both positively and negatively regulated forms of motivated behavior. 292 

The brains of CVS-exposed mice were harvested 24 h after the last stressor and the mPFC was 293 

dissected and processed for RNA-Seq. In male mice, quantitation of CVS-induced DEGs (p < 294 

0.01) from subsamples of SSTCre and SSTCre:γ2f/f mice revealed significantly fewer DEGs in 295 

the SSTCre:γ2f/f mice compared to SSTCre controls (Figure 2B), indicating that stress 296 

resilience is reflected in fewer stress-induced DEGs. Volcano plots of differential expression 297 

analyses showed similar numbers of CVS-induced downregulated and upregulated DEGs (p < 298 

0.01) in both genotypes (Figure 2C, D). The number of DEGs determined based on all samples 299 

of each genotype confirmed the lower number of DEGs in SSTCre:γ2f/f (81) vs SSTCre controls 300 

(437). Importantly, heat maps of the DEGs showed that the 437 CVS-induced DEGs observed 301 

in the stress-vulnerable SSTCre mice (top row of heat map in Figure 2C) were randomly 302 

affected by CVS in the stress-resilient SSTCre:γ2f/f mice (bottom row of that heat, note the lack 303 

of correspondence in color between the two genotypes). Similarly, the 81 CVS-induced DEGs 304 

from the stress-resilient SSTCre:γ2f/f mice (top row of heat map in Figure 2D) were randomly 305 

affected by CVS in the stress-vulnerable SSTCre mice (bottom row of that heat map). 306 

Collectively the data indicate that stress resilience of male SSTCre:γ2f/f mice is reflected in both 307 

fewer and qualitatively different CVS-induced DEGs.  308 

 309 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 10, 2024. ; https://doi.org/10.1101/2024.07.10.602959doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.10.602959
http://creativecommons.org/licenses/by-nc-nd/4.0/


Shao et al.  
 

   
 

13 

We next repeated the same analyses for female mice. A comparison of batch normalized male 310 

and female transcriptomes by PCA revealed an overt separation of male and female samples. 311 

By contrast, the CVS and NS samples of the SSTCre and SSTCre:γ2f/f mice of each sex were 312 

co-clustered (Figure 2E). Thus, sex differences in the transcriptomes are much larger than the 313 

differences induced by CVS and genotype. The quantitation of CVS-induced DEGs from 314 

subsamples of female mice revealed similar number of CVS-induced DEGs in the stress-315 

resilient SSTCre:γ2f/f mice compared to the stress-vulnerable SSTCre controls (Figure 2F), as is 316 

also evident in the volcano blots, showing 402 CVS-induced DEGs across all samples for the 317 

stress-vulnerable SSTCre female controls (Figure 2G) and 434 CVS-induced DEGs for the 318 

SSTCre:γ2f/f stress-resilient female mice (Figure 2H). Moreover, the CVS-induced directional 319 

gene expression changes of DEGs in the stress-vulnerable SSTCre female mice (top row of 320 

heat map in Figure 2G) were largely conserved in the stress-resilient SSTCre:γ2f/f female mice 321 

(bottom row of heatmap). Similarly, the directional gene expression changes of CVS-induced 322 

DEGs seen in the stress-resilient SSTCre:γ2f/f female mice were largely conserved in the stress-323 

vulnerable SSTCre female controls (heatmap in Figure 2H). In summary, SSTCre:γ2f/f male 324 

mice but not SSTCre:γ2f/f female mice are resilient to CVS-induced changes in the mPFC 325 

transcriptome. Therefore, for our further analyses of transcriptomes associated with stress 326 

resilience we focused on male mice. We elaborate on sex differences in the brain substrate of 327 

stress resilience in the Discussion. 328 

 329 

The CVS-induced transcriptome changes of stress-resilient mice are distinct from the 330 

CVS-induced transcriptome changes of stress-vulnerable mice. 331 

We argued that putative stress resilience genes should be uniquely affected by CVS in the 332 

stress-resilient mice or show opposite CVS effects in the stress-vulnerable  compared to stress-333 

resilient mice. A Venn diagram of CVS-induced DEGs of stress-vulnerable (SSTCre) mice and 334 

CVS-induced DEGs of stress-resilient (SSTCre:γ2f/f) mice revealed 427 CVS-induced DEGs 335 
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that are uniquely observed in stress-vulnerable mice (for gene lists see Table S1), while 71 336 

DEGs were specific for stress-resilient mice (Figure 3A, Table S2). A mere 10 CVS-induced 337 

DEGs passed the threshold of p < 0.01 in both strains of mice, and nine of these were affected 338 

by CVS in the same direction (Figure 3B). Notably, Etnk2 showed opposite responses to CVS 339 

in stress-vulnerable and stress-resilient mice, which is consistent with a contribution to stress 340 

resilience.  341 

 342 

To more comprehensively compare the CVS-induced transcriptome changes of the two strains 343 

of mice, we performed a correlational analysis of CVS-induced Log2 FCs of the 437 DEGs 344 

observed in the SSTCre mice compared to the Log2 FCs of the same genes in the SSTCre:γ2f/f 345 

stress-resilient mice (Figure 3C). We then analogously compared the Log2 FCs of the 81 CVS-346 

induced DEGs observed in the SSTCre:γ2f/f stress-resilient mice with the CVS-induced Log2 347 

FCs of the same genes in the SSTCre stress-vulnerable mice (Figure 3D). Both of these 348 

contrasts revealed negligeable correlation (r = 0.3 and -0.11, respectively), which confirms that 349 

the CVS-induced DEGs of the stress-vulnerable and stress-resilient mice are distinct. Putative 350 

stress resilience genes include the genes that show opposite CVS effects in the stress-351 

vulnerable vs stress-resilient mice, highlighted by the four red quadrants of Figure 3C and D 352 

(Table S3). 353 

 354 

Stress resilience involves chronic stress-induced enhancement of mRNA translation, 355 

while stress vulnerability is associated with impairment of diverse signal transduction 356 

pathways and reduced translation 357 

To elucidate the function of putative stress resilience genes we performed Ingenuity Pathway 358 

analysis (IPA) using DEGs in a default setting. We compared the CVS-induced pathways 359 

affected by the 437 CVS-induced DEGs in the stress-vulnerable (SSTCre) mice to those 360 

affected by the 81 CVS-induced DEGs of the stress-resilient (SSTCre:γ2f/f) mice (Figure 3E). 361 
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IPA revealed 98 CVS-affected pathways (p < 0.05) in stress-vulnerable mice and 48 CVS-362 

affected pathways in stress-resilient mice, with only six pathways affected by CVS in both 363 

strains of mice. We then compared the CVS-affected pathways between the two strains using 364 

IPA’s integrated comparison analysis tool. The top 14 CVS-regulated pathways (first ranked by 365 

Z-score after elimination of pathways related to coronavirus pathogenesis, cancer, autism and 366 

pancreatic secretion, and then ranked by p value) revealed a striking segregation of CVS-367 

induced pathways between stress-vulnerable and stress-resilient mice. The seven pathways 368 

with the highest Z-scores were all selectively activated in the stress-resilient mice but not in 369 

stress-vulnerable mice (Figure 3F). The next seven pathways were all selectively inhibited by 370 

CVS in the stress-vulnerable mice but not stress-resilient mice. The pathways activated by CVS 371 

in stress-resilient mice were all related to mRNA translation and ribosomal RNA processing, and 372 

they were principally driven by CVS-induced expression of the same four ribosomal proteins 373 

(RPS26, RPS28, RPS29, RPSA) (Figure 3F, Figure S2). The pathways inhibited by CVS in 374 

stress-vulnerable mice were broadly related to inter- and intracellular signal transduction and 375 

cell adhesion. 376 

 377 

In an attempt to further corroborate these findings, we performed pathway analyses of the 180 378 

genes that showed opposite CVS effects in stress-resilient (SSTCre:γ2f/f) vs stress-vulnerable 379 

(SSTCre) mice, i.e. the genes that mapped to the four quadrants marked in red in Figure 3C, D. 380 

These 180 genes were significantly altered by CVS (p < 0.01) in one of the two strains except 381 

for Etnk2 which was significantly affected in both strains (Figure 3B). Based on these DEGs 382 

there were a total of 140 pathways that were differentially affected by CVS in the two strains of 383 

mice. The top 10 among these pathways ranked by Z-scores included the same translation- and 384 

rRNA processing-related pathways activated by CVS in stress-resilient mice (Figure S3), 385 

confirming that stress resilience is mediated by CVS-induced mRNA translation (for genes 386 

underlying pathway changes see Figure S2). These same pathways were downregulated by 387 
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CVS in stress-vulnerable mice (Figure S3), although the genes underlying these pathways in 388 

this case were only nominally affected by CVS. An additional two pathways related to antigen 389 

presentation and gustation were activated in stress-vulnerable mice and inhibited in stress-390 

resilient mice (Figure S3). Collectively these data strongly suggest that stress resilience 391 

induced by increased activity of SST neurons in the mPFC of male mice involves stress-392 

activated mRNA translation, while stress vulnerability involves stress induced reductions in 393 

mRNA translation along with downregulation of diverse inter- and intra-cellular signaling 394 

pathways.  395 

 396 

A key finding from analyses of the CSDS model was that stress resilience is an active process 397 

as evidenced by more numerous stress induced gene expression changes in resilient compared 398 

to vulnerable mice and by increased activity of dopaminergic neurons of the ventral tegmental 399 

area that project to the nucleus accumbens 19, 20. To assess whether corresponding features 400 

also apply to the resilience mechanism studied here we used subsampling to compare CVS-401 

induced DEGs of SSTCre:γ2f/f vs NS SSTCre controls (corresponding to stress resilient vs NS 402 

control mice of the CSDS model) and of CVS SSTCre vs NS SSTCre controls (corresponding to 403 

stress susceptible vs NS control mice of the CSDS model). Indeed, CVS-exposed stress-404 

resilient (SSTCre:γ2f/f) mice showed significantly greater number of DEGs than CVS exposed 405 

stress-vulnerable (SSTCre) controls (Figure S4) Thus, resilience driven by increased activity of 406 

SST neurons in the mPFC fits the definition of an ‘active’ process, analogous to that driven by 407 

dopaminergic neurons in the reward circuit. 408 

 409 

Stress-resilient mice mimic transcriptomic and pathway changes of stress exposure but 410 

without stress axis activation  411 

Acute stress of mice is known to increase the excitability of SST neurons in the mPFC 14, which 412 

raised the question whether the inverse is also the case: Does increased excitability of SST 413 
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neurons due to disinhibition of SST neurons mimic the effects of stress exposure? To address 414 

this question experimentally we compared the CVS-induced DEGs of stress-vulnerable 415 

(SSTCre) mice with the genotype-induced DEGs of stress-resilient vs stress-vulnerable mice 416 

(Figure 4A-D). A Venn diagram of the two sets of DEGs revealed an overlap of 33 DEGs that 417 

showed very similar fold changes with just one gene showing opposite directional effects 418 

(Figure 4B). Therefore, the DEGs of NS stress-resilient vs stress-vulnerable mice are similarly 419 

induced by CVS in stress-vulnerable mice. It stands to reason, therefore, that these DEGs 420 

represent putative stress resilience genes that are naturally induced by chronic stress exposure 421 

even though these gene expression changes are insufficient to induce stress resilience. A 422 

broader correlational analysis of the Log2 FCs of the 437 CVS-induced DEGs in stress-423 

vulnerable mice with the Log2 FCs of the same genes in NS stress-resilient vs stress-vulnerable 424 

mice revealed a strong correlation between CVS-induced and genotype-induced gene 425 

expression changes (r = 0.78, Figure 4C) that was confirmed by a similarly strong correlation of 426 

Log2 FCs of the 270 genotype-induced DEGs and the CVS-induced Log2 FCs of the same 427 

genes in the stress-vulnerable mice (r = 0.67, Figure 4D).  428 

 429 

We next compared the pathways affected in NS stress-resilient vs stress-vulnerable mice with 430 

those induced by CVS exposure of stress-vulnerable mice. Among the top 15 pathways ranked 431 

by Z-score and p values, nine pathways were inhibited under both conditions, and only three 432 

pathways had opposing Z-scores (activation under one condition and inhibition in the other) 433 

(Figure S5). The majority of pathways affected were related to aspects of signal transduction. 434 

Therefore, the pathway changes of NS stress-resilient (SSTCre:γ2f/f) mice compared to NS 435 

stress-vulnerable mice mimic aspects of CVS exposure of stress-vulnerable (SSTCre) mice. 436 

 437 

The notion that NS stress-resilient mice show transcriptome changes that are correlated with 438 

transcriptome changes of CVS-exposure of stress-vulnerable mice raised the question of 439 
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whether the stress-resilient mice show evidence of constitutive activation of the hypothalamus-440 

pituitary-adrenal (HPA) axis. To address this possibility, we compared the serum Cort levels of 441 

NS and CVS-exposed SSTCre (stress-vulnerable) and SSTCre:γ2f/f (stress-resilient) mice nine 442 

days after 21 days of CVS exposure. The stress-resilient (SSTCre:γ2f/f) mice showed a strong 443 

trend towards reduced serum Cort, independent of prior CVS exposure, and there were no 444 

lasting effects of CVS on Cort levels, independent of genotype (Figure S6). Therefore, although 445 

the transcriptome changes of the stress-resilient mice mimic those of chronic stress exposure of 446 

stress-vulnerable mice, stress resilience does not involve constitutive activation of the HPA axis. 447 

 448 

Chronic stress exposure of stress-resilient mice results in reversal of constitutive gene 449 

expression changes of stress-resilient mice 450 

One of the above 33 putative natural stress resilience genes, Etnk2, that is downregulated both 451 

in NS stress-resilient vs stress-vulnerable mice and in CVS-exposed stress-vulnerable mice 452 

(Figure 4B) stood out already earlier as a candidate stress resilience gene that is upregulated 453 

by stress in stress-resilient mice (Figure 3B), indicating that CVS exposure of stress-resilient 454 

mice reversed the downregulation of Etnk2 seen in NS stress-resilient vs stress-vulnerable 455 

mice. To address whether similar gene expression changes were associated more broadly with 456 

stress resilience, we compared the genotype-induced DEGs of stress-resilient vs stress-457 

vulnerable mice with the CVS-induced DEGs of stress-resilient mice (Figure 4E–H, Table S2, 458 

S4). There were 12 overlapping DEGs (including Etnk2) that passed the significance threshold 459 

for both contrasts. They all showed directional changes induced by CVS in stress-resilient mice 460 

that were opposite to those induced by genotype in the absence of stress (Figure 4F). To 461 

further compare the effect sizes of all DEGs of the two contrasts we first compared the Log2 462 

FCs of the 270 genotype-induced DEGs to the Log2 FCs of the same genes induced by CVS in 463 

SSTCre:γ2f/f mice. Strikingly, these two factors were almost perfectly anticorrelated (r = -0.71) 464 

(Figure 4G). Similarly, the Log2 FCs of the 81 CVS-induced DEGs of SSTCre:γ2f/f mice were 465 
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strongly anticorrelated with the Log2 FCs of the same genes in the genotype comparison (r = -466 

0.95) (Figure 4H). Thus, CVS exposure of the stress-resilient mice results in reversal of the 467 

baseline/constitutive transcriptome changes of the stress-resilient mice. 468 

 469 

Comparison of the pathways induced by the above DEGs confirmed that CVS exposure of 470 

stress-resilient mice involved strong activation of pathways related to mRNA translation as seen 471 

earlier (Figure 4I, J compared to Figure 3F). Six of the next seven pathways were selectively 472 

inhibited in NS stress-resilient vs stress-vulnerable mice. As also noted earlier, the pathways 473 

inhibited in NS stress-resilient vs stress vulnerable mice were largely the same as the ones that 474 

were inhibited by CVS of stress-vulnerable mice (Figure S5). 475 

 476 

Stress-induced DEGs of stress-vulnerable but not stress-resilient mice are prominently 477 

associated with risk genes of human stress-related psychiatric disorders 478 

To examine the relevance of our findings for stress related psychiatric disorders we compared 479 

the CVS-induced DEGs of stress-vulnerable and stress-resilient mice with the DisGeNET 480 

human gene-disease associations library. Out of 437 CVS-induced DEGs of stress-vulnerable 481 

(SSTCre) mice, 75 (17.16%) were present in the DisGeNET library for MDD, BP, PTSD, and/or 482 

SCZ (Figure 5). By contrast, a mere 6 out of 81 (7.4%) CVS-induced DEGs of the stress-483 

resilient (SSTCre:γ2f/f) mice were associated with these disorders, and all these remaining 484 

DEGs were implicated in MDD. The greater enrichment of disease-associated CVS-induced 485 

DEGs of SSTCre compared to SSTCre:γ2f/f mice suggests that the mechanism underlying 486 

stress resilience of SSTCre:γ2f/f mice may have therapeutic utility for human stress-associated 487 

mental disorders. 488 

 489 

 490 
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DISCUSSION 491 

 492 

We here have presented a comprehensive transcriptomic analysis of chronic stress resilience of 493 

mice, induced by disinhibition of SST-positive GABAergic interneurons. We first show that mice 494 

with disinhibited SST neurons are resilient to CVS-induced anxiety and anhedonia-like defects 495 

in motivated behavior. Using a milder but longer lasting chronic stress paradigm that was 496 

continued throughout behavioral testing we previously reported that stress resilience of these 497 

mice was limited to males and to anxiety-like behavior 8. However, using CVS as a shorter 498 

duration (3-week) but more intense stress protocol we show here that resilience extends to 499 

stress induced anhedonia and female mice. Importantly, in the NSFT the mice with disinhibited 500 

SST neurons were not only resilient to stress but they showed an inverted stress response, 501 

indicating that CVS resulted in an anxiolytic-like reduction of aversion from the test situation. In 502 

previous experiments using uncontrolled chronic mild stress as a stressor, the stressed 503 

SSTCre:γ2f/f male mice showed unaltered behavior compared to NS controls, suggesting that 504 

the behavioral response to chronic stress depends on the nature or intensity of the chronic 505 

stressor. 506 

 507 

As the next major finding, we report that stress resilience of male mice with disinhibited SST 508 

neurons is associated with fewer and distinct CVS-induced DEGs in the mPFC (Figure 2B-D), a 509 

feature that is reflected in negligible correlation of CVS-induced gene expression changes 510 

between stress-vulnerable and stress-resilient mice (Figure 3C-D). By contrast, the CVS-511 

induced DEGs of female stress-vulnerable and stress-resilient mice were similar in numbers 512 

(Figure 2F), and the directional changes in expression of DEGs remained correlated (r = 0.44 513 

and 0.49, respectively, not shown). In a separate study that is currently under review we have 514 

used a stereotaxically-targeted chemogenetic approach to map SST neuron mediated stress 515 

resilience to specific brain regions 21. Selective activation of SST neurons in the mPFC resulted 516 
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in resilience of male but not female mice while activation of SST neurons in the ventral 517 

hippocampus led to resilience in female but not male mice. Our transcriptome studies here 518 

confirm that stress resilience in the mPFC is male specific. 519 

 520 

As a third major finding we show that SST neuron-mediated stress resilience in the mPFC of 521 

male mice is associated with stress-induced enhanced translation, using two types of overlap 522 

analyses of DEGs. The DEGs that were affected by CVS in stress-resilient but not stress-523 

vulnerable mice mapped to multiple pathways indicating CVS-enhanced mRNA translation. By 524 

contrast, stress vulnerability was associated with CVS-induced downregulation of cell adhesion 525 

and signal transduction pathways. A separate pathway analyses of genes that showed opposite 526 

CVS-induced changes in transcript levels in stress-resilient vs stress-vulnerable mice again 527 

indicated that stress resilience involves enhanced mRNA translation. This second contrast 528 

additionally pointed to impaired mRNA translation in stress-vulnerable mice (for a schematic 529 

summary see Figure 6). Notably, previous studies have identified endoplasmic reticulum (ER) 530 

stress and corresponding impairment of mRNA translation as a cellular mechanism contributing 531 

to the detrimental effects of chronic stress exposure 9. It seems logical, therefore, that enhanced 532 

translation serves as a mechanism that promotes stress resilience, in addition to the prevention 533 

of stress-induced downregulation of cell adhesion and signal transduction pathways. However, 534 

while chronic stress-induced ER stress has been mapped to SST neurons 40, our bulk tissue 535 

level transcriptome data necessarily suggest that the stress resilience consequences of SST-536 

neuron-mediated enhanced translation are not limited to this sparse cell type. 537 

 538 

As a fourth major finding, we found that stress resilience induced by SST neuron activation in 539 

NS stress-resilient mice involves transcriptome changes that mimic chronic stress exposure. A 540 

direct comparison of biochemical pathways affected by CVS of stress-vulnerable (SSTCre) mice 541 

and by disinhibition of SST neurons in stress-resilient (SSTCre:γ2f/f) mice showed that 9 of the 542 
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15 most prominently changed signal transduction pathways were inhibited by both conditions 543 

(Figure S5), with only three pathways affected in opposite directions, which confirms that stress 544 

resilience involves pathway changes that mimic chronic stress exposure. Even more striking, 545 

chronic stress exposure of NS stress-resilient mice resulted in reversal of the stress-like 546 

transcriptome signature along with normalization of pathway changes seen in the NS stress-547 

resilient mice. Importantly, the stress-like transcriptome signature of NS stress-resilient mice 548 

was associated with a trend towards lower serum CORT and therefore did not involve activation 549 

of the HPA axis. Moreover, the behavior of NS SSTCre:γ2f/f mice was indistinguishable from that 550 

of NS SSTCre:γ2f/+ littermates, which confirms that the chronic stress-like transcriptome 551 

signature of NS stress-resilient mice did not involve systemic or behavioral stress. 552 

 553 

Lastly, we found that stress induced DEGs of stress-vulnerable mice show greater association 554 

with disease genes of human psychiatric disorders than stress-induced DEGs of stress-resilient 555 

mice. This suggests that differences in GABAergic mechanisms underlying stress resilience 556 

contribute to vulnerability and resilience to human stress-associated psychiatric disorders. 557 

 558 

Putative stress resilience genes highlighted in Figure 4C, D, G and H that showed differential 559 

expression in stress vulnerable vs stress resilient mice fell into two classes. A first class of 560 

DEGs showed a basal change in expression in stress-resilient mice that mimicked the CVS-561 

induced change in expression in stress-vulnerable mice, which was then normalized by CVS 562 

exposure of stress-resilient mice (for representative genes see Figure S7A). These types of 563 

DEGs add to the growing body of evidence that stress resilience is an active process that 564 

involves greater or opposite changes in CVS-induced gene expression compared to CVS in 565 

stress-vulnerable mice and is not simply due to the absence of or a reduced chronic stress 566 

response 41. A second, less common class of DEGs was affected less by CVS (or genotype x 567 

CVS) in the stress-resilient compared to stress-vulnerable mice (Figure S7B). Future work will 568 
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need to address whether altered expression of any of these DEGs is sufficient to confer 569 

resilience to chronic stress exposure. 570 

 571 

In conclusion, defects in GABAergic inhibition at dendrites of pyramidal cells are increasingly 572 

recognized as a cellular mechanism of vulnerability for stress-associated mental disorders 11, 40, 573 

42. Conversely, increasing GABAergic inhibition at dendrites promotes resilience through 574 

enhanced mRNA translation as shown here for male mice in the mPFC. Future experiments will 575 

need to address whether similar mechanisms operate in the ventral hippocampus of female 576 

mice. The transcriptomic signature of stress resilience mimics that of stress exposure, 577 

suggesting that stress in moderation may come with lasting neuroprotective properties. 578 
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FIGURE LEGENDS 748 
 749 

Figure 1. SSTCre:γ2f/f mice are resilient to CVS-induced changes in motivated behavior 750 

independent of sex. A–D) Data of male mice including time course of experimentation (A) and effects of 751 

CVS on body weight changes independent of genotype (B) (CVS effect, F1, 36 = 17.08, p < 0.001, time 752 

effect, F1.787, 64.33 = 47.83, p < 0.0001, time x CVS interaction, F3, 108 = 12.94, p < 0.0001, 3-way RM 753 

ANOVA). In the NSFT (C), CVS increased the latency to feed in SSTCre mice (p < 0.05, n = 11–14) with 754 

opposite effects in SSTCre:γ2f/+ and SSTCre:γ2f/f mice (F1, 47 = 9.724, p < 0.01). In the FUST (D), CVS 755 

reduced the urine sniffing duration of SSTCre mice (p < 0.05, n = 9–11). Comparison of SSTCre:γ2f/+ and 756 

SSTCre:γ2f/f mice revealed a CVS x genotype interaction (F1, 47 = 7.124, p = 0.01) with a CVS-induced 757 

reduction in the sniffing time for SSTCre:γ2f/+ (p < 0.05, n = 10–11) but not SSTCre:γ2f/f mice. E–F) Data 758 

of female mice with time course of experimentation (E) and evidence for CVS-induced reductions in body 759 

weight independent of genotype (F) (CVS effect, F1, 35 = 13.15, p < 0.001, time effect, F1.86, 65.11 = 63.08, p 760 

< 0.0001, time x CVS interaction, F3, 105 = 13.20, p < 0.0001, 3-way RM ANOVA). In the NSFT (G), CVS 761 

did not affect the behavior of SSTCre controls but reduced the latency to feed in SSTCre:γ2f/+ and 762 

SSTCre:γ2f/f mice (F1, 36 = 14.73, p < 0.001), similar to males. (C). Bar graphs represent means ± SE. *p < 763 

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (t-test or Tukey’s post hoc test). 764 

 765 

Figure 2. CVS-induced DEGs in the mPFC of SSTCre:γ2f/f stress resilient male mice are fewer and 766 

distinct from those of SSTCre controls. A) Experimental design. B) The average number of CVS 767 

induced DEGs (p < 0.01) determined from subsamples of mice revealed fewer CVS-induced DEGs in 768 

SSTCre:γ2f/f vs. SSTCre mice (p = 0.013, n = 4, t-test) C) Volcano plot of CVS induced DEGs (p < 0.01) in 769 

mPFC of SSTCre male mice (n = 5–6), along with heat map comparing the CVS-induced transcriptional 770 

changes of DEGs in SSTCre controls (log2FC, top) to those of SSTCre:γ2f/f mice. Blue and red dots and 771 

lines indicate downregulated and upregulated genes, p value cutoff, respectively. Note that the CVS-772 

induced DEGs of SSTCre mice were randomly affected by CVS in SSTCre:γ2f/f mice. D) Volcano plot of 773 

CVS induced DEGs (p < 0.01) in SSTCre:γ2f/f males (n = 3–4) along with heat maps comparing 774 

transcriptional changes of CVS exposed SSTCre:γ2f/f male mice to those of SSTCre controls. Again, CVS-775 

induced DEGs observed in SSTCre:γ2f/f mice were randomly affected by CVS in SSTCre mice. E) PCA 776 
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analysis revealed clear separation of male and female samples after batch normalization and two outliers 777 

among male samples were removed in all analyses. Circles indicate 95% CI. F–H) Analyses of female 778 

mice analogous to males. The number of CVS-induced DEGs in female mice (p < 0.01) in SSTCre and 779 

SSTCre:γ2f/f mice analyzed by subsampling of mice was unaffected by genotype (n = 100, Welch’s t-test) 780 

(F). CVS-induced DEGs in the mPFC of female SSTCre mice show comparable directional changes of 781 

expression in SSTCre:γ2f/f mice (n = 5) (G) and the CVS-induced DEGs in SSTCre:γ2f/f mice are similarly 782 

affected by CVS in SSTCre controls (H). 783 

 784 

Figure 3. Comparison of CVS-induced DEGs and pathways. A) Venn diagram comparing CVS-785 

induced DEGs (p < 0.01) in SSTCre and SSTCre:γ2f/f mice. The numbers of CVS-induced DEGs in each 786 

strain of mice, the numbers of genes affected by CVS in both strains (overlap) and the up- and 787 

downregulated genes in each strain are indicated. B) Log2 FC of the 10 DEGs that overlap in (A), ranked 788 

based on Log2 FC of CVS SSTCre vs. NS SSTCre from smallest to largest. C, D) Correlational analysis 789 

of Log2 FC between CVS-induced DEGs in SSTCre mice and CVS-induced changes of the same genes 790 

in SSTCre:γ2f/f mice (C) and between CVS-induced DEGs of SSTCre:γ2f/f mice and CVS induced 791 

changes of the same genes in SSTCre mice (D). Note the low correlation in both cases. The top left and 792 

bottom right quadrants highlighted in red show DEGs with opposite CVS effects in stress vulnerable vs. 793 

stress resilient mice. Grey shades in scatter plots in (C, D) indicate 95% CI. Bar graphs represent means 794 

± SE.   E) Venn diagram of IPA pathways (p < 0.05) affected by CVS-induced DEGs in (A). F) Comparison 795 

of the top 14 CVS-induced pathways based on absolute Z-scores, ranked by declining p-value and 796 

affected significantly (p < 0.05) by at least one of the two contrasts. The top 7 pathways are activated by 797 

CVS specifically in stress resilient mice. The next 7 pathways are all inhibited by CVS specifically in 798 

stress vulnerable mice. White squares indicate pathways that were detected but a directional Z-score 799 

could not be determined. ns, not significant; nd, not detected. 800 

 801 

Figure 4. NS stress-resilient male mice mimic transcriptome changes of CVS-exposed stress 802 

vulnerable mice, and they are reversed by CVS exposure.  A) Venn diagram comparing CVS-induced 803 

DEGs in SSTCre mice with genotype induced DEGs in NS SSTCre:γ2f/f vs. NS SSTCre mice. B) Log2 FC 804 
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of 33 DEGs that overlap in (A). C, D) Correlation of Log2 FC between CVS-induced DEGs in SSTCre 805 

mice and genotype-induced changes in expression of the same genes in NS SSTCre:γ2f/f vs. NS SSTCre 806 

mice (C), and between genotype-induced DEGs (NS SSTCre:γ2f/f vs. NS SSTCre mice) and CVS-induced 807 

changes of the same genes in SSTCre mice (D). Note the high level of correlation of FCs in both 808 

contrasts. E) Venn diagram comparing genotype induced DEGs in NS SSTCre:γ2f/f vs. NS SSTCre mice 809 

with CVS-induced DEGs in SSTCre:γ2f/f mice. F) Log2 FC of the 12 DEGs that overlap in (E). Note that 810 

the genotype induced gene expression change of each is opposite to the CVS effect in the stress resilient 811 

mutants.  G, H) Correlational analyses of Log2 FC of genotype induced DEGs (NS SSTCre:γ2f/f vs. NS 812 

SSTCre mice) with CVS-induced changes of the same genes in SSTCre:γ2f/f mice (G) and Log2 FC of 813 

CVS-induced DEGs in SSTCre:γ2f/f mice with genotype-induced changes in expression of the same 814 

genes in NS SSTCre:γ2f/f vs. NS SSTCre mice (H). Note the strong anticorrelation of FCs between these 815 

two contrasts. I) Venn diagram of IPA pathways (p < 0.05) induced by CVS in stress-resilient mice 816 

compared to pathways induced by genotype (NS SSTCre:γ2f/f vs. NS SSTCre mice). J) The top seven 817 

pathways are activated selectively by CVS in stress-resilient mice as in Figure 3F. Six of the next seven 818 

pathways are selectively inhibited in NS stress-resilient mice. White squares indicate pathways that were 819 

detected but a directional Z-score could not be determined. ns, not significant; nd, not detected. 820 

 821 

Figure 5. Association of CVS-induced DEGs with human psychiatric disorders. The gene sets of 822 

CVS-induced DEGs from male SSTCre (grey) and SSTCre:γ2f/f mice (blue) were searched for genes 823 

implicated in human psychiatric disorders in the DisGeNET library using Enrichr. Neurological and 824 

psychiatric disorder terms for which the CVS-induced DEGs in SSTCre or SSTCre:γ2f/f mice showed an 825 

association (p < 0.05) were selected. Shown are the 75 CVS-induced DEGs in SSTCre male mice 826 

associated with MDD (sum of terms Unipolar Depression, Depressive Disorder, Mental Depression and 827 

Postpartum Depression, p < 0.05 for all four terms), Bipolar Disorder (BP, p < 0.001), Posttraumatic 828 

Stress Disorder (PTSD, p < 0.05) or schizophrenia (SCZ, p < 0.001), respectively. A corresponding 829 

analysis of the 81 CVS-induced DEGs in SSTCre:γ2f/f mice revealed 6 DEGs associated with MDD (p < 830 

0.05) and none with the other disorders. 831 

 832 
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Figure 6. Graphic summary of results: A, B) Schematic of GABAergic microcircuit of the mPFC, 833 

including the three major types of GABAergic interneurons in stress-vulnerable (A) and stress-resilient 834 

mice (B). The stress-resilient mice (SSTCre:γ2f/f mice) lack postsynaptic GABAA receptors in SST 835 

neurons, which results in disinhibition of SST neurons and enhanced GABAergic inhibition mainly at distal 836 

apical dendrites of cortical output neurons. C) CVS exposure of SSTCre mice results in heightened 837 

anxiety and anhedonia-like behavior and stress-induced transcriptome changes in the mPFC, along with 838 

pathway changes indicative of reduced signal transduction and nominally reduced mRNA translation. 839 

Similar stress induced transcriptome changes are observed in the NS stress-resilient mice (B), along with 840 

pathway changes indicating reduced signal transduction. D) CVS exposure of stress resilient mice 841 

triggers the reversal of stress-like transcriptome changes observed in NS stress-resilient mice, including 842 

normalization of signal transduction pathways but results in activation of mRNA translation pathways. Bar 843 

graphs in shaded boxes illustrate gene expression changes in the mPFC across the four conditions of a 844 

representative putative stress resilience gene (i.e. Etnk2, Figure S7A), along with anxiety- and 845 

anhedonia-like behavioral changes. Note the opposite, bidirectional CVS-induced changes in gene 846 

expression and behavior in stress-vulnerable vs. stress-resilient mice.   847 
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Figure 1 848 
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Figure 2 851 
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Figure 3852 
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Figure 4 853 
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Figure 5 855 
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