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Abstract

Background—The limited neurobiological understanding of PTSD has been partially attributed 

to the need for improved animal models. Stress-enhanced fear learning (SEFL) in rodents 

recapitulates many PTSD-associated behaviors, including stress-susceptible (SS) and –resilient 

(SR) subgroups in outbred rats. Identification of subgroups requires additional behavioral 

phenotyping, a confound to mechanistic studies.

Methods—We employed a SEFL paradigm in inbred male and female C57BL/6 that combines 

acute stress with fear conditioning to precipitate “traumatic” memories. Extinction and long-term 

retention of extinction were examined after SEFL. Further characterization of SEFL effects on 

male mice was performed with additional behavioral tests, determination of regional activation by 

Fos immunofluorescence and RNA-sequencing of the basolateral amygdala (BLA).

Results—Stressed animals displayed persistently elevated freezing during extinction. While 

more uniform in females, SEFL produced male subgroups with differential susceptibility that were 

identified without post-training phenotyping. Additional phenotyping of males revealed PTSD-

associated behaviors, including extinction-resistant fear memory, hyperarousal, generalization and 

dysregulated corticosterone in SS males. Altered Fos activation was also seen in the infralimbic 

cortex and BLA of SS males after remote memory retrieval. Key behavioral outcomes, including 

susceptibility, were replicated by two independent laboratories. RNA-sequencing of the BLA 

revealed transcriptional divergence between the male subgroups, including genes with reported 

polymorphic association to PTSD patients.
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Conclusions—This SEFL model provides a tool for development of PTSD therapeutics that is 

compatible with the growing number of mouse-specific resources. Furthermore, use of an inbred 

strain allows for investigation into epigenetic mechanisms that are expected to critically regulate 

susceptibility and resilience.
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Introduction

A history of stress increases the likelihood of developing post-traumatic stress disorder 

(PTSD) (1, 2), defined by persistent recollections of a trauma, with hyperarousal, avoidance 

of trauma-related cues and negative changes in mood and cognition (3). Antidepressants, the 

only FDA-approved pharmaceutical for PTSD, have limited efficacy over placebo and low 

remission (4, 5). Further, many patients fail to respond to behavior-based treatments, such as 

exposure therapy (ET), or even experience an exacerbation of symptoms (6). Among those 

that do respond, the majority retain their PTSD diagnosis (7, 8). At the crux of this issue lies 

a lack of neurobiological understanding of the disorder. For instance, what are the long-term 

brain changes that result from a PTSD-inducing traumatic experience? And why, when the 

majority of the population experiences at least one traumatic event in their lifetime, is the 

prevalence of PTSD only approximately 7% (9)?

Because of the numerous limitations inherent to using human postmortem tissue, animal 

models with a PTSD-like phenotype are valuable. Several rodent paradigms recapitulate 

core features of the disorder (10), including a stressor (e.g. predator exposure (11), restraint 

or forced swimming (12)), Pavlovian fear conditioning (FC) (13–15), or a combination of 

the two in the form of stress-enhanced fear learning (SEFL) (16). SEFL has been used 

extensively in rodents to produce extinction resistance (for review see (16)).

Many recent reviews have called for improved PTSD models (17, 18), suggesting that 

therapeutic discovery cannot progress without improving validity. Several features have 

been highlighted in recent reviews as key elements needed in a PTSD-like model (17, 18). 

These include a brief, rather than chronic stressor, to differentiate from major depressive 

disorder (MDD); persistent manifestation of the response; hyperarousal; interindividual 

variability where resilient and susceptible subgroups result from the same protocol (10, 

17–19), and assessment in both sexes, as the risk of PTSD may be higher among females 

(see 9, but also (20, 21)). At the neurochemical level, it is suggested that validity should 

be based on insights from human studies in which irregular brain activation (e.g. amygdala, 

prefrontal cortex, hippocampus, thalamus), aberrant signaling of neurotransmitter systems, 

and neuroendocrine dysfunction have been identified in PTSD patients (17). Some current 

models produce interanimal variability thought to be akin to resilience and susceptibility 

in humans (11, 22–26). However, they require behavioral phenotyping after the stressor to 

identify individuals that are susceptible to negative effects of the stress. These manipulations 

induce their own neuromolecular changes, precluding studies of the mechanisms underlying 

the genesis and perpetuation of the PTSD-like phenotype. Furthermore, outbred lines are 
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used in all cases of differential susceptibility, limiting the ability to isolate epigenetic 

contributors, which are expected to be highly relevant to individual variability in 

susceptibility (27–30). Here we present a protocol that addresses these challenges, while 

retaining the behavioral phenotypes and neurochemical dysregulation demonstrated by 

existing PTSD-like models.

Materials and Methods

Animals

Adult male and female C57BL/6 mice were used for all studies. 8–10 weeks of age.

SEFL: restraint stress, auditory fear conditioning and extinction

Please see Supplemental Materials and Methods for details.

Acoustic startle response and anxiety Tests

Male animals that did not undergo extinction after SEFL were tested in the following order: 

open field (OFT), elevated plus maze (EPM) and acoustic startle response (ASR).

Gene expression analyses

RNA extraction, sequencing and qPCR validation were performed as previously described 

(31) on BLA tissue from males following SEFL and remote memory retrieval (no 

extinction).

Immunohistochemistry

90min after remote memory retrieval (no extinction), males were perfused for 

immunolabeling of Fos.

Corticosterone (CORT) measurement

Plasma CORT levels were measured immediately after stress or after SEFL training at: 1) 

30min after FC, 2) 6hrs after IP saline, 4d post-SEFL training (no extinction), 3) 6hrs after 

IP dexamethasone (100μg/ml, Sigma, St. Louis, MO) or saline 30d post-SEFL training (no 

extinction).

Statistics

A D’Agostino-Pearson omnibus normality test was applied to determine data distribution. 

For data with a Gaussian distribution, one-way analysis of variance (ANOVA) was 

performed to determine effects in 3 or more groups, followed by post hoc Tukey tests. 

Nonparametric Kruskal-Wallis tests were applied to data not evenly distributed. For 

comparisons between 2 data points within the same group, two-tailed paired t-tests were 

performed on data with a normal distribution and Mann-Whitney tests on data that 

required nonparametric analyses. For extinction, repeated measures ANOVA was used to 

determine significant treatment by bin interactions. For correlations, Pearson correlation 

coefficient was used. For contingency graphs, one-tailed chi-square tests were performed. 

For comparisons of variance between two groups, a Brown-Forsythe Test was used. 
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Significant outliers were identified by the outlier function of SPSS software. Statistical 

significance was set at P < 0.05. Additional details can be found in the supplemental 
methods section.

Results

Prior stress exposure results in phenotypic variability in fear memory among male mice

A SEFL model commonly used in rats combines an initial stressor with subsequent 

auditory FC to produce extinction resistance (32–45). Associated behavior has been shown 

to be analogous to the extinction resistance and memory persistence that PTSD patients 

experience (46). We modified this paradigm for use in male (Figure 1A) and female 

(Figure 2) mice. Auditory FC was performed one week after a single restraint session. 

Four days later, a strong extinction protocol was employed (60 tones over 2d; Figure 1B 

and Supplemental Figure S1). Freezing differed between stress+FC (SEFL) and FC (control) 

males over extinction (RM-ANOVA: interaction F(1,37)=6.16, p=0.018). While FC animals 

froze less by the end of Day 1, the stress+FC group’s freezing to the final tone (Tone 30) 

did not differ from the first (Paired t-test FC: t(17)=3.07, p=0.007; stress+FC: t(20)=0.572, 

p=0.574) (Figure 1C), indicating extinction resistance. Freezing at the end of extinction 

was highly variable in stress+FC males, as evidenced by a high standard deviation (Tone 

30 SD: FC=13.25, Stress+FC=29.26) and difference in variance compared to FC mice 

(Brown-Forsythe: F(1,39)=6.57, p=0.014).

To further examine this variability and how the response of stress+FC males deviated 

from typical variability of FC alone, we performed an unsupervised cluster analysis on the 

average freezing rate of all animals across extinction. The analysis revealed two clusters 

(Figure 1D), with a subset freezing at high levels (blue, Cluster 2). A distribution analysis of 

each treatment group separately indicated most FC mice (89.9%) belonged to Cluster 1 (grey 

bars), indicating the typical response of males to this FC protocol (Figure 1E). In contrast, 

there was a rightward shift for stress+FC distribution, with 42.9% in Cluster 2 (blue bars) 

(Figure 1F). Indeed, stress+FC males were more likely to display high freezing and belong 

to Cluster 2 (x2=3.70, p=0.027) (Figure 1G). Variability in the response of stressed animals 

may manifest over time, as restraint alone elevated levels of CORT in all mice well above 

controls (t-test: t(13)=16.40, p<0.00001), with a lower coefficient of variance in the stressed 

group (Control CV=37.6%, Stressed CV=13.9%) and no difference in variance between 

the groups (Brown-Forsythe: F(1,13)=2.46, p=0.141; Figure 1H). This low variability in 

interindividual stress responses is consistent with previous reports (47–49) and indicates that 

incubated stress likely interacts with FC to produce variability.

Prior stress results in exaggerated learned fear responses in females

Like stress+FC males, stress+FC females (Figure 2A) froze more than FC females during 

extinction (RM-ANOVA: interaction F(1,37)=4.16, p=0.049; Figure 2B) and this was most 

pronounced on Day 1. However, both groups showed extinction resistance on Day 1, with 

virtually no change from tone 1 to 30 (Figure 2C). Similar to males, an unbiased cluster 

analysis of average freezing resulted in 2 clusters (Figure 2D). However, consistent with the 

extinction resistance displayed by females of both groups, there was a greater representation 
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of both FC (37.5%) and stress+FC (65.2%) in the high freezing cluster (Cluster 2, blue bars) 

(Figure 2E–F). As a result, the prevalence of high freezing did not differ between the two 

groups (x2=1.71, p=0.088) (Figure 2G). The stress-associated enhancement (Figure 2B) did 

not persist into a remote memory test given 30 days post-SEFL training. Lastly, stress+FC 

females displayed heightened freezing during the ITIs of the 30 day recall test (t-test: 

p<0.01; Figure 2H), suggesting the potential development of fear generalization beyond the 

tone.

Training performance can predict stress susceptibility in males

Given the potential value for mechanistic studies, we determined if stress susceptible (SS) 

males could be identified without post-training phenotyping, to avoid additional, stressful 

experiences that would alter the molecular landscape of SEFL. We examined behavior 

during the final minute of FC training. Despite the variance in freezing during training 

for FC controls, average freezing across extinction was clustered and did not correlate 

with training (Figure 3A). In contrast, stress+FC males’ training correlated to their varied 

response to extinction (Pearson correlation: FC r=0.269, p=0.281; stress+FC r=0.636, 

p=0.002) (Figure 3B). We then separated each group into high and low freezing based 

on their FC training and assessed the extinction profiles. Animals that froze above their 

group’s mean during the final minute of training (FC mean: 10.28±2.3%; Stress+FC mean: 

6.43±1.1%) were classified as high and those below the mean as low (Figure 3C–D). 

Because of the potentially arbitrary nature of a “mean split” approach, we addressed the 

validity by determining how this division corresponded to extinction-based cluster analysis 

(Figure 1D–F). The only two FC animals in Cluster 2 (Figure 1E; high extinction freezing) 

also froze above the group mean during training (Figure 3C, inset). More importantly, 90% 

of the stress+FC animals that froze below the group mean during training belonged to 

Cluster 1 (Figure 1F; low extinction freezing) and 70% of stress+FC animals that froze 

above the group mean during training belonged to Cluster 2 (Figure 1F), suggesting a mean 

split based on training is valid to predict extinction performance. As expected, there was no 

difference in the extinction profiles of FC controls when separated by training [RM-ANOVA 

FC: interaction F(1,15)=3.74, p=0.072] (Figure 3C). However, the extinction profiles of 

low and high stress+FC males (Training mean: SR: 3.1±0.8%, SS: 10.1±1.5%) differed 

(RM-ANOVA stress+FC: interaction F(1,19)=8.88, p=0.008) (Figure 3D), indicating that 

stress+FC males that freeze at high levels during training also freeze more during extinction. 

Further, the extinction profile of high freezing stress+FC males differed from FC males 

(RM-ANOVA: interaction F(1,26)=13.96, p=0.001). Conversely, low freezing stress+FC mice 

were indistinguishable from their FC counterparts, suggesting the possibility of resilience 

(SR) to the effects of stress on fear memory. The same pattern of SS versus SR persisted 

into a remote memory test 30 days post-SEFL training, with SS males freezing more than 

both FC and SR males (ANOVA: F(2,35)=6.29, p=0.005; Post hoc Tukey tests: p<0.05 for SS 

vs. FC, p<0.05 for SS vs. SR; Figure 3D–E). The SS group also froze more than FC and 

SR groups in the ITI (ANOVA: F(2,35)=4.90, p=0.013; Post hoc Tukey tests: p<0.05 for SS 

vs. SR; Figure 3E), which may suggest generalization of fear beyond the specific auditory 

stressor association, a symptom present in PTSD patients.
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The measures of training and extinction freezing did not correlate in stress+FC females 

(Supplemental Figure S2A–B). Accordingly, there were no differences in extinction profiles 

between animals that froze above and below the mean during training for either group 

(Supplemental Figure S2C–D). A qualitative assessment of sex differences suggests average 

freezing in females, regardless of stress history, resembled SS males in extinction and at 

the 30 day test, with both female groups freezing more than FC males (ANOVA Ext2: 

F(2,56)=9.77, p=0.0002; 30d: F(2,55)=9.42, p=0.0003; post hoc Tukey tests). This latter point 

suggests the lack of difference between females at 30 days may be due to incubation of fear 

in the controls.

To further characterize the validity of this SEFL paradigm of differential susceptibility in 

males as a model of PTSD-like behaviors, we examined startle response and anxiety without 

extinction (Figure 3F and Supplemental Figure S3). SS mice displayed elevated acoustic 

startle response (ASR) (Naïve, FC, Stress only, SR; ANOVA: F(4,40)=4.05, p=0.0075; post 

hoc Tukey tests: p<0.05 vs FC, p<0.05 vs. SR, p<0.05 vs. stress only; Figure 3F). This effect 

on SS arousal is consistent with work by others using ASR to identify SS outbred rats (11). 

Importantly, this further supports the predictive validity of using training to separate animals 

into SR and SS subgroups. Relative to naïve handled mice, a mildly “anxious” phenotype 

was observed in all other groups (restraint only, FC or stress+FC) in both open field and 

elevated plus maze (Supplemental Figure S3). Thus, this SEFL protocol produces an SS 

population in males with alterations in fear memory extinction and retention, and startle 

response, but not generalized anxiety.

Reducing the severity of the stressor decreases the likelihood of developing PTSD (50). 

And indeed, males stressed for one tenth of the duration (12min; Supplemental Figure S4) 

displayed no differences in extinction rate or retention between stress+FC and FC groups.

Independent replication of variable stress vulnerability in males

We next assessed reproducibility with two groups, the TSRI Behavior Core and the 

Shumyatsky Laboratory (51). We had no prior history of collaboration with the latter, 

located at Rutgers University. Using an electronic copy of the protocol, the TSRI 

Behavior Core (Supplementary Figure S5, top) and Shumyatsky Laboratory (Supplementary 

Figure S5, bottom) obtained results similar to core features seen by our group: (1) 

relationship between FC training and extinction specific to stress+FC males (TSRI 

FC Pearson=0.245, p=0.38; stress+FC=0.319, p=0.05; Shumyatsky FC Pearson=0.539, 

p=0.21, stress+FC=0.679, p=0.004; Supplementary Figure S5B, D, G, I); (2) segregation 

of the stress+FC, but not FC, population into SS and SR phenotypes (RM-ANOVA 

TSRI stress+FC: interaction F(1,36)=5.07, p=0.031; Shumyatsky stress+FC: interaction 

F(1,14)=10.56, p=0.006, Supplementary Figure S5E,J); and (3) higher freezing in 

SS relative to FC (RM-ANOVA SS vs FC, TSRI: interaction F(1,28)=2.51, p=0.124; 

Shumyatsky: interaction F(1,11)=15.99, p=0.002, Supplementary Figure S5E,J).

Heightened memory and CORT levels in SS males one month after SEFL

Given that PTSD is not manifested and rarely identified immediately after trauma, we 

examined the longer-term consequences of SEFL on memory and neuroendocrine function. 
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SS males displayed heightened fear in response to 5 tones and ITIs compared to FC and 

SR animals 30 days post-SEFL training (Figure 4A; RM-ANOVA FC vs SS: interaction 

F(1,36)=15.13, p=0.001; SS vs SR: interaction F(1,37)=7.74, p=0.008; ANOVA ITI: F(2, 

56)=4.82, p=0.012, post hoc Tukey tests: p<0.05 vs naive, p<0.05 vs FC, p<0.05 vs SR) 

(Figure 4B–C). Furthermore, SS mice had delayed extinction (RM-ANOVA FC vs SS: 

interaction F(1,19)=13.30, p=0.002; SS vs SR: interaction F(1,20)=5.96, p=0.024; Figure 4D). 

Stress+FC females also displayed enhanced freezing (RM-ANOVA: interaction F(1,30)=8.22, 

p=0.008) (Supplementary Figure S6). These data indicate this SEFL protocol produces 

long-lasting enhancement of fear memory in both SS males and stress+FC females.

Because the robust response of females to FC, regardless of stress history, precluded 

the appearance of susceptible and resilient populations, we further characterized SS 

males. PTSD patients have enhanced suppression of cortisol in response to the synthetic 

glucocorticoid dexamethasone (dex) and heightened reactivity to stressful situations, 

indicating dysfunction of the hypothalamic pituitary axis (HPA) and neuroendocrine system 

(52). We assessed dex-induced suppression of CORT one month after SEFL (no extinction) 

by administering dex 6hrs before blood collection. This moderate dose was too effective, 

suppressing plasma CORT below the assay’s linear range of detection (data not shown). 

However, we also determined CORT levels in Naïve, FC, SR and SS males at three 

timepoints post-SEFL training: immediately, 4d or 30d. 6hrs prior to 4 and 30d collection, 

controls received saline injections to allow for comparison to the dex group (Figure 4E). No 

differences were observed in SEFL animals at 30min or 4d (ANOVA 30min: F(3, 22)=14.95, 

p<0.0001; post hoc Tukey tests: p<.05 vs naïve; 4d: F(3, 22)=2.52, p=0.085; Figure 4F), 

indicating CORT is unlikely to drive behavioral differences (Figures 1, 3). However, CORT 

was elevated at 30d in SS males relative to all other groups, suggesting HPA-associated 

effects of SEFL may increase over time (ANOVA 30d: F(3, 19)=8.93, p=0.0007; post hoc 

Tukey tests: p<0.05 vs naive, p<0.05 vs FC, p<0.05 vs SR).

Neuroanatomical and molecular systems implicated in PTSD are altered in SS males

To assess the neuroanatomical substrates that may contribute to the behavioral phenotypes 

of SS males, we analyzed Fos expression following a remote memory test (Figure 5A). 

Of the 14 regions analyzed, changes specific to SS animals were seen in two (Figure 5B–

C and Supplemental Figure S7). Fos was decreased in the posterior IL (ANOVA postIL: 

F(3,22)=16.65, p<0.0001; post hoc Tukey tests: p<0.05 vs naive, p<0.05 vs FC, p<0.05 

vs SR), a critical regulator of extinction (53). This hypoactivation is consistent with the 

extinction-resistance produced by the SEFL protocol in SS mice. Fos was increased in 

the BLA (ANOVA BLA: F(3,22)=70.67, p<0.0001; post hoc Tukey tests: p<0.05 vs naive, 

p<0.05 vs FC, p<0.05 vs SR), which participates in fear memory storage and expression 

(54–58). Importantly, a signature of PTSD is dysfunctional activation and connectivity of 

these regions (59, 60).

Given the importance of the amygdala in PTSD and memory persistence, as well as 

elevated Fos in SS males, we examined the BLA’s molecular profile in SS and SR 

mice by RNA-Seq with remote memory retrieval. Specificity of the BLA subdissection 

was first established by ensuring low expression of the central amygdala (CeA)-specific 
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marker, Tac2 (61), compared to adjacent CeA punches (Supplemental Figure S8). RNA-

Seq identified 61 differentially expressed genes (DEG) between SS and SR (Figure 5D). 

Nine were increased and 52 were decreased in SS mice (Figure 5D). Three genes, one 

that was upregulated in SS and two downregulated, were randomly selected for technical 

validation by qPCR, prodynorphin (pdyn), protein tyrosine phosphatase, non-receptor type 

14 (ptpn14); and tachykinin precursor 1 (tac1). All three validated [Unpaired t-tests: pdyn: 

t(4)=4.59, p=0.010; ptpn14: t(4)=10.07, p=0.001; tac1: t(4)=3.76, p=0.020] (Figure 5E). The 

top 15 functional annotations identified by Ingenuity Pathway Analysis (Figure 5F) included 

relevant categories, (e.g. Cognition, Learning, Memory). A slightly more generous DEG 

cutoff (p<0.001) resulted in 194 DEGs. This included genes associated with neurochemical 

systems implicated in PTSD (Figure 5G) and three with polymorphisms in PTSD patients 

that also validated by qPCR: Adcyap1 (also known as PACAP; Unpaired t-test: t(4)=6.39, 

p=0.003; 62), Bdnf (63) and Drd2 (t(4)=2.96, p=0.041; 64, 65; Figure 5E).

Discussion

Existing PTSD models that employ predator odor or single prolonged stress (SPS) in 

outbred rats have reported susceptible and resilient populations through post-training 

phenotyping (11, 23, 24). However, these models often measure anxiety as a readout of 

PTSD-like behaviors and few protocols address both stress and the disorder’s prevalent 

memory component. Molecular characterization of susceptibility factors in these models has 

not been described, presumably due to the confound introduced by phenotypic tests required 

to identify the susceptible population.

By developing a SEFL paradigm in C57BL/6 mice, an inbred strain, with susceptibility to 

stress among females and a subgroup of males (identified without additional phenotyping), a 

well-annotated genome is available and a growing number of tools can be utilized (e.g. 

cell type-specific targeting, genetically-driven circuit tracing, CRISPR) for mechanistic 

PTSD-based research aimed at identifying causative and protective factors. The present 

results establish its construct and face validity for a number of PTSD-associated behavioral 

and neuromolecular pathologies. Indeed, FC studies in PTSD patients reported enhanced 

fear acquisition and startle response, which are thought to contribute to exaggerated fear 

responses and extinction impairments (66). PTSD-like phenotypes were observed here, in 

SEFL females and SS males, with stronger memory expression and generalization of a fear 

response beyond the discrete tone to the ITI. Further, SS males displayed enhanced startle 

and altered IL and BLA activation, regions strongly implicated in PTSD through functional 

imaging studies of patients (59). Importantly, the core behavioral results were replicated by 

two independent groups.

Although SEFL was not run in males and females at the same time, qualitative comparisons 

indicate that females were initially more sensitive to SEFL and did not segregate into 

resilient and susceptible populations. However, failure of training to correlate with extinction 

in SEFL females introduces the possibility they are expressing their response to foot shock 

through non-freezing behaviors. For instance, darting is described as a coping mechanism 

that correlates with extinction retention in female rats (67). Alternatively, females could be 

displaying active avoidance/escape behaviors. In contrast to SS males’ delayed extinction 
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and poor extinction retention at every test, enhanced fear in SEFL females was restricted 

to extinction Day 1, regardless of test timing (4 or 30 days). Current efforts are exploring 

protocol adjustments with the goal of producing a temporally persistent difference between 

FC and stress+FC females, parameters that parse out SS and SR, and identification of 

relevant, nonfreezing behaviors, such as darting.

Development of an extinction-resistant “traumatic” memory in SS males is unique from 

FC alone, as well as in SR males that underwent identical SEFL training. This suggests 

recruitment of unique molecular processes; perhaps experience-dependent epigenetic 

modifications put in place prior to or during SEFL training (e.g. social hierarchy, stress 

adaptability). DNA methylation and histone modifications have been studied in the stress 

(68) and memory fields (13), and epigenetic interactions are likely after successive 

stressful events to confer resilience or susceptibility (27). Epigenetics may also impart 

gender-specific extinction impairments, as expression of DNA methyltransferase 3a confers 

resilience to “depression” in a variable stress paradigm (69). Indeed, RNA-Seq on BLA 

following a remote memory test one month post-SEFL training (Figure 5) revealed divergent 

transcriptional profiles between SS and SR males that we will interrogate further to 

identify epigenetic regulation and functional contribution. Among these were several PTSD-

associated genes, either through polymorphisms associated with PTSD (Adcyap1 [Pacap], 

Bdnf and Drd2), or as members of neuromolecular systems known to be dysregulated in 

PTSD patients, such as catecholamines (TH, Drd1/2, DARP-32). In a PTSD metastudy, 

the rs1800497 polymorphism in DRD2 was associated with PTSD diagnosis (70). Bdnf 
and adcyap1 were also dysregulated in the amygdala of rats following a 15-shock SEFL 

protocol (45). We also identified DEGs not previously implicated in the PTSD. For example, 

tachykinin1, a gene downregulated in SS animals, is widely expressed in the brain and 

contributes to stress responses (71), but has not been explored in the context of “traumatic” 

memory. Because the human literature relies primarily on GWAS data that identifies SNP 

associations or DNA methylation changes and does not take into account dynamic transcript 

levels, the sequencing results presented here may help to identify novel regulators that have 

not been explored in PTSD.

Rather than resilience to the effects of stress, SR males may freeze less because they are 

employing active avoidance. While it cannot be fully discounted, resilience appears more 

likely because of the differences between SS and SR mice in other measures. SR mice did 

not display the hyperarousal, elevated CORT in response to a mild stressor, or dysregulation 

of IL or BLA Fos with remote memory that was seen in SS males. The behavioral and 

neuromolecular phenotype of SR mice is more consistent with an animal that has not 

experienced stress, simply fear conditioning.

We did not observe a strong anxiety-like phenotype in SS males. While anxiety is a 

symptom that PTSD patients may experience, PTSD was reclassified in the DSMV from 

an ‘Anxiety Disorder’ to a ‘Trauma and Stressor-related Disorder’. Moreover, the diagnosis 

criteria for PTSD specify that prolonged distress be exhibited in response to trauma-related 

cues, stimuli or reminders (72). Therefore, it is important that a PTSD-like model not cross 

over into a phenotype more akin to MDD (17). Therefore, we applied a single acute stressor 

to mitigate the possibility of creating an overly anxious or depressive-like phenotype. 
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Further, our results are consistent with the findings of some rat SEFL studies demonstrating 

an incubation effect that occurs by temporally separating stress and FC (73), perhaps driven 

by the increase in amygdala spine density that occurs several days after restraint (74). 

Building on this, we have demonstrated that SS pathology continues to develop over the 

course of a month after SEFL training in males. Together, these data indicate that SS mice 

have prolonged behavioral and neurochemical changes related to stress and memory in ways 

relevant to PTSD. Selective perseverance of a “traumatic” memory in SS mice enables future 

studies to identify mechanisms that promote resilience and susceptibility, with the goal of 

ultimately pinpointing epigenetic and molecular targets that may be suitable for alleviating 

the persistence of traumatic memories in both genders.
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Figure 1. Prior stress increases the prevalence of extinction resistance in male mice
(A) Overview of SEFL behavioral paradigm. (B) Course of extinction in SEFL (Stress+FC) 

and FC controls over two days. Shown are five bins (6 tones each) of CS presentations 

during extinction. (C) Measure of extinction that occurred on Day 1. (D) Unsupervised 

cluster analysis of average freezing during extinction. (E–G) Distribution analysis of 

average freezing over extinction days 1 and 2, separated by treatment and cluster group. 

Cluster 1, grey bars; Cluster 2, blue bars. FC n=18, Stress+FC n=21. (H) Plasma 

Daws et al. Page 15

Biol Psychiatry. Author manuscript; available in PMC 2018 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



corticosterone levels were measured in stressed or naïve (handled) mice immediately after 

restraint. Naïve n=7, Stress n=8. *p<.05, ****p<.0001. Error indicates s.e.m.
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Figure 2. Prior stress in female mice exaggerates learned fear
(A) The SEFL behavioral paradigm was performed in female mice. (B) Course of extinction 

in SEFL (Stress+FC) and FC females over two days. Shown are five bins (6 tones each) 

of CS presentations during extinction. (C) Measure of extinction that occurred on Day 1. 

(D) Unsupervised cluster analysis of average freezing during extinction. (E–G) Distribution 

analysis of average freezing over extinction days 1 and 2, separated by treatment and cluster 

group. Cluster 1, grey bars; Cluster 2, blue bars. (H) Average freezing during a 5 tone recall 

test performed 24 days after the last extinction session. *p<.05, ****p<.0001. FC n=16, 

Stress+FC n=23. Error indicates s.e.m.
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Figure 3. Performance at the end of the fear conditioning portion of the SEFL protocol can be 
used to identify stress-susceptible males
(A–B) Correlations between freezing during the last minute of FC training and average 

freezing over two days of extinction for FC and stress+FC males. Dotted line indicates trend. 

(C–D) Within each treatment group, animals were split into high (grey, red) or low (black, 

pink) categories based on the amount of time spent freezing during the final minute of fear 

conditioning training. Shown are the extinction profiles based on their training classification. 

Inset box identifies which animals from each treatment group comprise clusters identified in 

Figure 1, separated by training. (E) Average freezing during the tones or ITIs of a 5 tone 

recall session 30 days after SEFL training. Stress+FC animals were split into resilient (low 

training freezer, SR) and susceptible groups (high training freezer, SS). **p<.01, FC high 

n=10; FC low n=8, Stress+FC high n=10, Stress+FC low n=11. (F) Startle response of SEFL 

mice that did not undergo extinction in response to a 120 dB noise burst. Animals were 

identified as SS or SR by FC performance. **p<.01. Naïve n=8; FC n=11; Stress only n=8, 

SR n=11, SS n=7. Error indicates s.e.m.
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Figure 4. Exaggerated remote memory and neurochemical dysregulation in SS mice
(A) Male mice were tested for remote memory retrieval and underwent two days of 

extinction 30 days after SEFL training. (B–C) Fear expression during the first 5 tones and 

ITIs in FC and stress+FC (SR or SS) animals. *p<.05. (D) Extinction performance over the 

course of two days in a subset of animals. FC n=11, SS n=10, SR n=12. (E–F) CORT levels 

were measured at three time points after SEFL training in male mice that did not undergo 

extinction. ****p<.0001, ***p<.001. n=4–8/group. Error indicates s.e.m.
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Figure 5. Differential recruitment of molecular pathways in SS and SR male populations
(A) Overview of experimental design to examine Fos activation and transcriptional profiles 

in SEFL males after a 5 tone remote memory test (30 days post-training). (B–C) Fos+ cell 

counts in the posterior infralimbic cortex (postIL) and basolateral amygdala (BLA) after the 

5 tone recall test and their corresponding representative micrographs. ****p<.0001. Stress 

only n=7, FC n=7–8, SR n=6–7, SS n=5. (D–G) BLA RNA from SS and SR male mice was 

sequenced to identify molecular changes associated with these behavioral phenotypes. (D) 

Significant genes that have the greatest fold change between SS and SR mice. Fold change 

and p-value were calculated with DESeq2. (E) Technical validation of sequencing data by 

qPCR for 5 differentially express genes: adcyap1 (adenylate cyclase activating polypeptide 

1), drd2 (dopamine receptor 2), pdyn (prodynorphin), ptpn14 (protein tyrosine phosphatase, 

non-receptor type 14) and tac1 (tachykinin precursor 1). ****p<.0001, ***p<.001, *p<.05. 
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n=3/group. (F) The top 15 functional annotations that are significantly different between SS 

and SR mice were identified by IPA analysis. (G) Known PTSD-associated genes that are 

differentially expressed between SS and SR mice. Fold change and corrected p-values were 

calculated with DESeq2. Error indicates s.e.m.
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