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Abstract

Adversities during juvenility increase the risk for stress-related disorders, such as post-traumatic 

stress disorder (PTSD) and alcohol use disorder. However, stress can also induce coping 

mechanisms beneficial for later stressful experiences. We reported previously that mice selectively 

bred for high alcohol preference (HAP) exposed to stress during adolescence (but not during 

adulthood) showed enhanced fear-conditioned responses in adulthood, as measured by fear-

potentiated startle (FPS). However, HAP mice also showed enhanced responding to safety cues 

predicting the absence of foot shocks in adulthood. Here, we pursue these findings in HAP mice 

by investigating in further detail how juvenile stress impacts the acquisition of safety and fear 

learning. HAP mice were subjected to three days of juvenile stress (postnatal days 25, 27, 28) and 

discriminative safety/fear conditioning in adulthood. FPS was used to assess safety versus fear cue 

discrimination, fear learning, and fear inhibition by the safety cue. Both stressed and unstressed 

HAP mice were able to discriminate between both cues as well as learn the fear cue-shock 

association. Interestingly, it was only the previously stressed mice that were able to inhibit their 

fear response when the fear cue was co-presented with the safety cue, thus demonstrating safety 

learning. We also report an incidental finding of alopecia in the juvenile stress groups, a phenotype 

seen in stress-related disorders. These results in HAP mice may be relevant to understanding the 

influence of juvenile trauma for individual risk and resilience toward developing PTSD and how 

individuals might benefit from safety cues in behavioral psychotherapy.

Keywords

fear conditioning; fear-potentiated startle; juvenile stress; PTSD; resilience; safety learning

*corresponding author Iris Müller: Department of Genetics and Molecular Neurobiology, Institute of Biology, Otto von Guericke 
University, Magdeburg, Leipziger Str 44, House 91, 39104 Magdeburg Germany, irismueller1985@gmail.com.
1Present address: Department of Genetics & Molecular Neurobiology, Institute of Biology, Otto-von-Guericke University Magdeburg, 
Magdeburg, Germany.

6. Declaration of interest
None.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Behav Brain Res. Author manuscript; available in PMC 2022 February 26.

Published in final edited form as:
Behav Brain Res. 2021 February 26; 400: 113006. doi:10.1016/j.bbr.2020.113006.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1. Introduction

Stress, particularly when experienced during sensitive developmental periods like juvenility, 

when the brain and stress response system are still developing, (e.g., [1]), is a known risk 

factor for a variety of disorders, including trauma and stressor-related disorders, like 

posttraumatic stress disorder (PTSD) [2], and alcohol use disorder (AUD) [3].

In humans, PTSD is characterized by unconditioned and conditioned symptom clusters. 

Hypervigilance resides among the unconditioned symptoms [4] and can manifest as an 

increased startle response [5]. Conditioned disturbances include memory disturbances, such 

as exaggerated fear responses to threat-associated stimuli [6], fear generalization to stimuli 

not predictive of threat [7, 8], and interestingly, an inability to inhibit the fear response in the 

presence of safety cues, i.e. stimuli that explicitly signal the non-occurrence of a threat [9, 

10]. PTSD-like behavioral disturbances of both clusters can be modeled in rodents. For 

example, exposing rats to soiled cat litter at postnatal day (PND) 28 increases unconditioned 

acoustic startle responses in adulthood [11]. In mice, a three-day unpredictable stress 

regimen during juvenility induces fear generalization to the conditioning chamber after 

auditory cued fear conditioning in adulthood [12], and foot shock presentation during that 

time delays the ability to inhibit a fear response in the presence of a safety cue in adult rats 

[13].

Evidence indicates that common genetic factors increase the risk for developing PTSD and 

other commonly co-occurring psychiatric disorders, in particular, AUD [14, 15]. Exposure to 

environmental stress, particularly during development, interacts with genetic risk factors for 

these disorders [16]. Studies in people with PTSD and AUD, and in animal models, suggest 

that altered biological responses to stress may increase vulnerability toward stress-related 

pathological outcomes [17–19].

Mouse lines selectively bred for high or low alcohol preference (HAP/LAP lines) represent a 

useful animal model for identifying genetically correlated traits associated with selection for 

high or low alcohol drinking behavior and for exploring their underlying mechanisms. These 

lines show differences in emotional reactivity [20], affect-related behaviors [21], impulsivity 

[22], sensitization to alcohol’s locomotor-stimulant effects [23], and conditioned place 

preference [24] and conditioned taste aversion to alcohol [25]. Work in our laboratory 

indicates that these lines represent a good model for genetic vulnerability factors that may 

contribute to the development of co-morbid AUD and PTSD in humans (for a review see 

[26]). Previous studies have shown that HAP mice are vulnerable to stress-induced behaviors 

that mimic PTSD-related phenotypes in humans. HAP mice show greater sensitivity to 

anxiety-related behavior [27], conditioned fear-related behavior, assessed via fear-

potentiated startle (FPS) [28], stress-related alcohol drinking in response to repeated fear-

conditioning [29], and altered function of the hypothalamic-pituitary-adrenal (HPA) axis in 

response to fear-conditioning and testing [30] compared to their low-alcohol preferring 

(LAP) counterparts. HAP mice also show greater alcohol drinking behavior in adulthood 

when stressed during either adolescence [31] or adulthood [32], compared to no stress 

groups of the same mouse line. Finally, HAP, but not LAP, mice show increased FPS in 
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adulthood after juvenile stress exposure compared to non-stressed mice of the same line 

[33].

In Barrenha and Chester (2007) we noted that, in addition to their pre-existing genetic 

vulnerability toward PTSD-like behavior, HAP but not LAP mice in the unpaired control 

groups showed evidence of learning the unpaired cues predicted the absence of foot shock 

(i.e. fear inhibition or “safety learning”) [28]. Thus, HAP mice show increased juvenile 

stress-induced conditioned fear behavior, but may also be better able to learn to inhibit fear-

responses under certain experimental conditions. Similarly, it is interesting to note that in the 

literature it has been reported that electric foot shock presentation before fear conditioning in 

rats enhanced the fear response in one study [34], but it also enhanced fear inhibition, when 

presented before safety conditioning, in another study [35].

Excitation and inhibition of fear are both mechanisms relevant to the study of PTSD. Thus, 

building on the aforementioned findings in HAP mice, including their sensitivity to juvenile 

stress, the purpose of this study was to examine the effects of juvenile stress on subsequent 

learning to inhibit conditioned fear-related behavior in this mouse line. We presented male 

and female HAP mice with three days of stress during juvenility, followed by a 

discriminative safety/fear (S/F) conditioning paradigm in adulthood. Safety learning was 

assessed by the summation test and retardation of fear acquisition. To pass the summation 

test, the learned safety cue, when presented in compound with the learned fear cue, should 

reduce fear levels that are normally elicited by the learned fear cue alone. Furthermore, if the 

safety cue is acting as a conditioned inhibitor then it should also be slower to acquire fear 

properties when later paired with foot shocks than an initially neutral cue that is paired with 

foot shocks (i.e. retardation of fear acquisition). Despite the greater clinical relevance of the 

summation test, demonstrating a safety cue passes both tests offers more certainty that the 

safety cue indeed acquired safety valence, since the absence of a fear response to the safety 

cue does not allow differentiation between the possibilities of the safety cue having acquired 

safety valence or no valence at all [36, reviewed in 37]. We hypothesized juvenile stress 

would diminish the ability to learn safety.

2. Materials and Methods

2.1 Subjects

Alcohol-naive male and female mice from the third replicate of the selectively bred high 

alcohol preferring mouse line (generation 59) (HAP3, Indianapolis, IN) were used. Mice 

were bred at Purdue University and weaned at post-natal day (PND) 21 (birth = PND 1). 

Mice were group-housed (2–4/cage) on aspen bedding and had ad libitum access to water 

and food throughout the experiment. All experiments took place under white light in the 

light phase of a 12h light/dark cycle (lights on at 7am) and were approved by the Purdue 

University Animal Care and Use Committee.

2.2 Juvenile stress procedure

Mice were randomly assigned to ‘juvenile stress’ or ‘no juvenile stress’ groups. Juvenile 

stress (JS, N: m=15, f=15) comprised three days of stress presentation, adapted from [38]. 
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Our stress procedure was short in duration, high in intensity and uncontrollable. It thus 

resembles human traumata, like natural catastrophes. On PND 25, mice were restrained for 

30 minutes in a 20 mm wide and 102 mm long plastic enclosure. An opening in the front 

allowed them to breathe freely. Mice were left undisturbed on PND 26 and subjected to 15 

minutes of forced swimming on PND 27 and 28. The water temperature was 24+/−2 °C and 

the water level was 10 cm to prevent mice from reaching the bottom of the beaker. No 

juvenile stress (no JS, N: m=14, f=16) mice were left undisturbed until behavioral tests 

started in adulthood. Mice within a cage were assigned to the same group to minimize 

disruption to the cage. Juvenile stress and adult behavioral testing were carried out in 

different rooms to avoid contextual reminder effects (Figure 1).

2.3 Adult discriminative safety/fear conditioning

2.3.1 Apparatus—Discriminative conditioning and FPS testing took place in 8 dark, 

sound attenuated, acoustic startle chambers (Hamilton-Kinder Startle Monitor System, San 

Diego, CA). Each chamber contained a single weight-sensitive platform with a plexiglass 

mouse restraint holder (4 × 8.5 × 15 cm) on top. Peak forces of startle responses were 

recorded in Newton. For shock delivery during the conditioning sessions a metal grid floor 

was inserted underneath the enclosure. A fan provided 71–75 dB background noise. After 

every session the set up was cleaned with 70% ethanol.

2.3.2 General procedure—In adulthood (approximately PND 56), mice were exposed 

to a discriminative safety/fear conditioning procedure, consisting of 8 conditioning sessions 

on 8 consecutive days, carried out during the second half of the 12 h light cycle. Fear 

potentiated startle (FPS) responses were measured during the first half of the 12 h light cycle 

of each training day (adapted from [39]). Care was taken to keep a 1 hour gap from the light/

dark switch and to space FPS testing and conditioning far enough apart to not interfere with 

the reconsolidation window. Body weight was monitored daily before each FPS session. 

Before the first conditioning session we noticed and recorded bald spots (alopecia), a 

phenotype that had not been observed during the juvenile stress period. If mice presented 

with a healthy coat and intact whiskers or with only small bald spots around the snout and/or 

curtailed whiskers, they were assigned to the “no alopecia (“no alop”) group. If mice 

presented with pronounced alopecia around the snout and absence of whiskers, they were 

assigned to the “alop” group. Alopecia (alop) grouping was based on Kalueff et al. (2006) 

[40].

2.3.3 Discriminative Conditioning 1–8 (DC 1–8)—After a 5 minute acclimatization 

period, 5 fear cues (20s) co-terminating with a foot shock (0.8mA, 0.5s) and 10 unreinforced 

safety cues were presented randomly with a variable inter-trial interval of 25–60s. In the first 

conditioning session, trials were preceded by the presentation of 10 startle noises alone 

(100dB white noise, 40ms, ITI: 20s) to habituate mice. For half of each group a tone 

(10kHz, 100dB, 20s) served as the fear cue and a light (6W, 20s) as the safety cue and vice 
versa for the other half.

2.3.4 Fear-potentiated startle 1–8 (FPS 1–8)—FPS sessions comprised the random 

presentation of 4 trial conditions (10 each, variable ITI: 25–60s) after 5 minutes of 
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acclimatization: startle noise alone (100dB white noise, 40ms), safety cue+startle noise, fear 

cue+startle noise, compound safety cue/fear cue+startle noise to assess the safety cue’s 

ability to reduce the startle response elicited by the fear cue (summation test).

2.3.5 Retardation of fear acquisition 1–8 (RET 1–8)—Learning of a cue-shock 

association is expected to be impaired, if this cue has formerly been associated with safety, a 

phenomenon called retardation of fear acquisition [36]. Eight retardation training sessions 

were carried out in the afternoons (second half of the 12h light cycle) of 8 consecutive days, 

9 days after the last DC session. After 5 minutes of acclimatization, mice were presented 

with 5 former safety cues (20s, variable ITI: 25–60s) that now co-terminated with a foot 

shock (0.8mA, 0.5s).

2.3.6 Fear potentiated startle-retardation 1–8 (FPS-R 1–8)—Similarly to the FPS 

(retrieval) sessions, FPS-R sessions took place in the first half of the 12h light cycle on 

retardation training days. They comprised the random presentation of the startle noise alone 

and the former safety/now fear cue+startle noise (10 each, variable ITI: 25–60 s), after 5 

minutes acclimatization.

2.4 Statistical analyses

Per session, trials were averaged for each mouse and each trial type. % FPS was calculated 

using the formula [(startle amplitude on cue+noise trials – startle amplitude on noise-alone 

trials]/startle amplitude on noise-alone trials) × 100]. Data were analyzed using four-way 

analysis of variance (ANOVA) followed by lower-order ANOVAs and LSD post hoc tests or 

t-tests, where appropriate. For discriminative conditioning, the between-subject factors were 

juvenile stress group (JS, no JS) and sex (m, f) and the within-subject factors were trial-type 

[fear cue (F), safety cue (S), safety+fear cue (SF)] and testing sessions (FPS1, FPS8). For 

retardation of fear acquisition the between-subject factors were juvenile stress group (JS, no 

JS) and sex (m, f) and the within-subject factors were retardation [original fear cue (FPS), 

former safety/now fear cue (FPS-R)] and testing sessions (1, 8).

Body weight and startle amplitude were analyzed using a three-way ANOVA containing 

juvenile stress group (JS, no JS) and sex (m, f) as between subject factors and session (FPS1, 

FPS8) as the within subject factor. To compare the distributions of mice with and without 

alopecia in JS and no JS groups a Chi-square test was performed on the absolute number of 

mice. Alpha was set to p<0.05 and data are presented as mean+/−SEM.

3. Results

3.1 Summation test

If the safety cue gained inhibitory properties through conditioning, it should dampen the fear 

response when co-presented with the fear cue; i.e. the inhibition elicited by the safety cue 

should summate with the excitation elicited by the fear cue [36]. A four-way ANOVA 

(stress, sex, session, trial type) revealed a significant main effect for trial type (Greenhouse-

Geisser: F(1.562, 87.492)=15.966, p<0.0001) and a session x trial type x stress interaction 

(Greenhouse-Geisser: F(1.637, 91.693)=6.054, p=0.006). Since neither a significant sex 
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difference, nor a significant interaction containing sex as a factor arose, males and females 

were collapsed for post hoc analyses. To examine the source of the 3-way interaction, 2-way 

ANOVAs (trial type x stress) for FPS1 and FPS8 were conducted. For FPS1, the ANOVA 

revealed a significant trial type effect (Greenhouse-Geisser: F(1.372, 79.554)=4.797, 

p=0.021) due to greater % FPS to the fear cue and the safety+fear cue compared to the 

safety cue (S vs F: p=0.01, S vs SF: p=0.02). Although this effect appeared to be mainly 

carried by the no JS group, a trial type x stress interaction was not significant (Greenhouse-

Geisser: F(1.372, 79.554)=1.841, p=0.176) (Figure 2.A).

For FPS8, the ANOVA revealed a significant trial type effect (Greenhouse-Geisser: F(1.869, 

108.380)=33.226, p<0.0001) and a significant trial type x stress interaction (Greenhouse-

Geisser: F(1.869, 108.380)=6.501, p=0.003). Follow up analyses within the no JS group 

revealed the safety cue was significantly lower than the other two trial types (main effect of 

trial type: Greenhouse-Geisser: F(1.913, 55.468)=7.511, p=0.002; S vs F: p=0.002, S vs SF: 

p=0.002, F vs SF: p=0.577), indicating a lack of conditioned inhibition but intact safety/fear 

discrimination. Follow up analyses within the JS group revealed a significantly higher FPS-

response to fear and safety+fear cues compared to the safety cue alone (main effect of trial 

type: Greenhouse-Geisser: F(1.841, 53.385)=26.654, p<0.0001; S vs F: p<0.0001, S vs SF: 

p<0.0001), indicating successful fear learning and safety/fear cue discrimination over the 

course of conditioning sessions (Figure 2.B). However, unlike the no JS group, their FPS-

response to the compound safety+fear cue was also significantly lower than to the fear cue 

(F vs SF: p=0.038), demonstrating conditioned inhibition by the safety cue and thus safety 

learning (Figure 2.B).

3.2 Retardation of fear acquisition test

If the safety cue gained conditioned inhibitory properties during discriminative conditioning, 

re-conditioning this cue to a foot shock to instead become a fear cue should be less 

successful than a cue without any prior conditioning, i.e. the learning performance is 

expected to be retarded [36]. The fear potentiated startle response to the original fear cue 

obtained from discriminative safety/fear conditioning (FPS) and the former safety/now fear 

cue obtained from FPS-R sessions was compared between sexes and stress groups (Figure 

3).

A four-way ANOVA (stress x sex x session x retardation) revealed a significant main effect 

for retardation (Greenhouse-Geisser: F(1.000, 56.000)=14.471, p<0.0001) and a significant 

session x stress interaction (Greenhouse-Geisser: F(1.000, 56.000)=4.874, p=0.031), as well 

as a significant session x retardation x stress interaction (Greenhouse-Geisser: F(1.000, 

56.000)=7.680, p=0.008). To examine the source of the 3-way interaction, 2-way ANOVAs 

(retardation x stress) for session 1 and session 8 were conducted. For session 1, the ANOVA 

indicated a significant main effect for retardation (Greenhouse-Geisser: F(1.000, 

58.000)=10.926, p=0.002) and stress (F(1, 58)=6.439, p=0.014), as well as a significant 

retardation x stress interaction (Greenhouse-Geisser: F(1.000, 58.000)=4.031, p=0.049). 

Pairwise t-test comparisons (Bonferroni corrected) indicated a significant difference between 

the FPS-response of JS mice to the original fear cue and their response to the former 

safety/now fear cue (Bonferroni corrected paired t-test: t(29)=3.310, p=0.004). Moreover, 

Müller et al. Page 6

Behav Brain Res. Author manuscript; available in PMC 2022 February 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FPS responses to the original fear cue differed significantly between JS and no JS mice 

(Bonferroni corrected unpaired t-test of the original fear cue: JS vs no JS: t(43.470)=2.483, 

p=0.034). Together, this indicates an initial, transient retardation of fear acquisition in the no 

JS group but not in the JS group during session 1 (Figure 3.A).

For session 8 two-way retardation x stress ANOVA revealed a significant main effect of 

retardation (Greenhouse-Geisser: F(1.000, 58.000)=4.877, p=0.031) and a retardation x 

stress interaction close to significance (F(1.000, 58.000)=3.777, p=0.057), due to the FPS 

response of the JS group to the former safety/now fear cue being retarded by 26% to that of 

the original fear cue (mean+/−SEM: 71.81+/−14.43 vs 19.18+/−7.99). In contrast, the FPS 

responses of no JS mice were not different from each other (mean+/−SEM: 41.62+/−10.14 

vs 38.26+/−15.89 for original fear and former safety/now fear cue, respectively) (Figure 

3.B).

3.3 Body weight, unconditioned startle, and alopecia

A three-way ANOVA (stress x sex x session) for body weight revealed a main effect for 

session (Greenhouse-Geisser: F(1.000, 56.000)=22.410, p<0.0001) and sex (F(1, 

56)=51.417, p<0.0001). All groups reduced their body weight over the course of 

discriminative conditioning in adulthood, regardless of juvenile stress experience, and 

females weighed less than males (Figure 4.A).

A three-way ANOVA (stress x sex x session) for the startle noise alone trials disclosed a 

main effect for session (Greenhouse-Geisser: F(1.000, 56.000)=7.003, p=0.011) and sex 

(F(1, 56)=10.721, p=0.002). Unconditioned startle responses increased in all groups from 

the first to the last session, and females presented lower startle responses compared to males 

(Figure 4.B).

As revealed by a Chi-square-test, the number of mice with alopecia (alop) was significantly 

higher in the JS group compared to the no JS group (Chi-square (3)=13.469, p=0.004) 

(Figure 4.C).

4. Discussion

The purpose of the present study was to assess fear- and safety-related learning mechanisms 

in HAP mice and the effect of juvenile stress on this behavior. Prior work had demonstrated 

that adult HAP mice displayed sensitivity to safety cues [28], and that HAP mice exposed to 

stress during adolescence (but not during adulthood) developed increased sensitivity to fear 

cues following fear conditioning in adulthood [33]. Based on these findings, we investigated 

here the consequences of juvenile stress on the acquisition of safety and fear learning in 

adult HAP mice using a discriminative classical conditioning task. Since PTSD patients are 

impaired in safety learning [9, 10] and childhood adversity has been linked to an increased 

risk for developing PTSD [41], our study bears translational relevance for understanding the 

human disorder. Contrary to our hypothesis that stress would impair safety/fear cue 

discrimination and safety learning, this study revealed that juvenile stress facilitated safety 

learning, as evidenced by the summation test and tendentially by the retardation of acquired 
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fear test. In addition, we report that juvenile stress may have stimulated coping mechanisms 

in the form of barbering that manifested in alopecia.

Studies investigating the effects of stress on later learned behaviors utilize a variety of stress 

paradigms, which may differ in the types and intensity of stressors, leading to potentially 

varying results on learning. In our study, we used a juvenile stressor of restraint and forced 

swimming that was entirely unrelated to the foot shock used in the later learning paradigm. 

This potentially yielded contradictory results to Breit et al. (2016) where the same stressor 

was used throughout their study (electric foot shocks as the juvenile stressor and as the 

unconditioned stimulus in the fear conditioning procedure) [33], and thus the stressor may 

have served as a reminder of the juvenile trauma. This difference could explain why the 

adolescent stressors in Breit et al. (2016) enhanced FPS [33], whereas here we observed 

safety learning and lower FPS to the fear cue on the first session during safety training, and 

on the first session during retardation conditioning, in the JS group compared to the no JS 

group. A propensity to learn about safety cues in the HAP mice was suggested by results in 

Barrenha and Chester (2007), in which HAP and LAP mice were presented with temporally 

distant foot shocks and light cues [28]. Such explicitly unpaired protocols have been shown 

to assess safety learning, since the cue becomes a predictor of the non-occurrence of foot 

shocks through their temporal dissociation [42, 43]. In this paradigm, HAP, but not LAP, 

mice showed a lower startle response upon cue presentation compared to unsignalled noise 

presentation [28]. This suggests that, when HAP mice are offered cues to reduce fear, they 

are capable of doing so, although we did not observe safety learning in unstressed mice with 

our safety/fear conditioning protocol.

Another potential explanation for the contradictory results to Breit et al. (2016) could be that 

adult fear-conditioning parameters used in the Breit et al. (2016) were different (1 

conditioning session with 40 0.8 mA foot shocks) from that used here (8 conditioning 

sessions with 5 0.8 mA foot shocks per session). The massed presentation of 40 shocks may 

have emulated a PTSD-inducing trauma better than our spaced presentation of the same 

number of shocks across 8 days. Moreover, our conditioning paradigm was discriminative in 

nature: in addition to a foot shock-associated fear cue, a safety cue associated with the 

absence of a foot shock was presented, while in the explicitly unpaired paradigm only one 

cue was presented. Non-discriminative and discriminative fear paradigms may require 

different learning strategies, which could impact how fear and safety cues are detected and 

learned. Finally, mice in the Breit et al. study (2016) received different duration and type of 

stress protocol (foot shock) and were older (mid-late adolescence) compared to the current 

study.

We observed safety learning only in mice previously exposed to juvenile stress. Stress-

enhanced safety learning was also observed by Pollak et al (2008), who presented chronic 

mild stress before the explicitly unpaired protocol [42]. However, safety learning 

performance appears to be sensitive to the particular quality and timing of the stressor. A 

single session of restraint stress had no effect in the same explicitly unpaired protocol [35]. 

In rats subjected to discriminative safety learning, only four mild (0.4 mA) foot shocks 

presented in adolescence were enough to impair safety learning [13], while stronger foot 

shocks (15 foot shocks, 1 mA) presented one day prior to training in adulthood had no effect 
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[44]. In contrast to our findings, in these studies the unstressed control groups did learn 

safety. Of note, the studies investigating discriminative learning, like we did here, utilized 

rats, whereas the mouse studies all utilized non-discriminative paradigms. Rats generally 

perform better in more cognitively demanding tasks [45] and may have an advantage in 

discriminative safety/fear tasks compared to mice. In fact, very few mouse studies have 

investigated fear inhibition in discriminative learning tasks [46, 47]. Moreover, the rats in the 

discriminative paradigm cited above were trained on a reward cue-reward association in 

addition to safety/fear discrimination. Safety and reward processing overlaps anatomically 

[48] and functionally [13], and stimulating the reward system simultaneously with safety/

fear conditioning could thus support safety learning performance in otherwise naive animals.

Stress resulting in improved performance when later confronted with challenges [49–52] has 

been reported previously, and is believed to trigger coping mechanisms from which the 

individual can benefit. These stressors, however, are often social in nature and presented in 

the pre-weaning period. They include frequent interruptions of maternal care, using either 

the limited nesting paradigm [51], or brief episodes of maternal separation [49]. Santarelli et 

al. (2014, 2017) showed that mice reared and kept under disadvantageous conditions 

(limited nesting, single housing/chronic social defeat) performed similarly well in anxiety 

and sociability tests as compared to those reared and kept under advantageous conditions 

(early handling, group housing/housing with ovariectomized females). In contrast, mice, in 

which rearing and maintenance conditions did not match (i.e. advantageous rearing but 

disadvantageous maintenance conditions and vice versa) performed worse [50, 52].

In the present study we used an adapted three-day stress protocol; similar stress protocols 

induce PTSD-like disturbances [12, 38, 53–55]. When followed by fear conditioning in 

adulthood, they can induce memory generalization to the background context in an auditory 

cued fear conditioning task [12], and an exaggerated fear response to the fear cue [55], but 

these protocols did not offer cues to down-regulate fear like we did here. Despite this 

important difference, other differences in experimental variables and the genetic makeup of 

HAP mice may have resulted in improved (rather than the hypothesized disrupted) safety 

learning. Other studies have highlighted the impact of the interaction between genes and 

environment on mediating stress resilience. For example, three days of variable stress in 

juvenility induced PTSD-like memory disturbances in wild type mice, but not in 

heterozygous knockout mice for glutamic acid decarboxylase (GAD)65 [12], the enzyme 

that synthesizes GABA for synaptic use [56]. This resilience-like effect developed only after 

juvenile stress experience, since heterozygous GAD65 knockout mice did not differ from 

their wild type littermates when undisturbed, as assessed by anxiety-related behaviors [57], 

[58]. Interestingly, GAD65 knockout mice on the 129N2 background also show increased 

alcohol consumption and reduced alcohol withdrawal severity [59]. HAP mice show these 

same phenotypes (high alcohol consumption and low alcohol withdrawal) due to selective 

breeding [60]. One could therefore speculate that the stress effects on safety learning 

observed in HAP mice could be related to alterations in the GABAergic system, brought 

about by selective breeding. The observed stress effects on safety learning here could also be 

influenced by stress-interactions with monoaminergic systems. We reported that male and 

female HAP3 mice (same line used in the current study) have higher dopamine, the 

dopamine metabolite 3,4-dihydroxyphenylacetic acid, and dopamine turnover in the nucleus 
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accumbens compared to LAP3 mice [61]. In addition, we recently reported that genetic 

differences in endocannabinoid system function may underlie the line differences in fear 

conditioning between HAP1 and LAP1 mice [62]. The endocannabinoid system is a 

promising mechanism for future study because of its reciprocal relationship with stress-axis 

function and role in regulating stress-related behaviors [63]. Indeed, the corticosterone 

response to foot shock stress differs between adult HAP2 and LAP2 mice [30], although no 

differences in the corticosterone response were found between adolescent HAP2 and LAP2 

mice after 1 or 10 days of foot shock stress [33]. Future studies will include neurochemical 

assessments in the HAP/LAP mouse lines to further assess stress-related biological 

mechanisms that may influence safety learning and risk/resilience toward developing PTSD-

like behavior.

Sex differences in stress susceptibility exist. For example, the incidence of PTSD is twice as 

high in women than in men [64], and female rodents present with greater contextual fear 

generalization [65] and impaired conditioned inhibition to a safety cue [66] compared to 

males. In the present study, sex differences in discriminative safety and fear learning were 

not found in either JS or no JS groups. This is in contrast to Foilb et al. (2018) and Day et al. 

(2015), who showed that females discriminated better between a fear cue and a non-

reinforced cue early on in training [67, 68], but discrimination dissipated with continued 

training [67]. With respect to fear inhibition, rats and mice of both sexes are able to learn 

safety in explicitly unpaired paradigms [35, 69]. However, in the Kreutzmann et al. (2020) 

study, if foot shock stress, but not restraint stress, preceded safety conditioning in adulthood, 

males but not females showed improved safety learning [35]. In rats, fear inhibition assessed 

by summation has been shown to be impaired in females in a paradigm that simultaneously 

assessed reward consumption, which was increased in females early in training, possibly 

influencing safety learning performance [66]. Consistent with our findings, Foilb et al. 

(2018), who employed a similar training schedule of morning training and afternoon recall 

sessions, did not observe sex differences in the summation test [68]. Similarly, female HAP 

mice did not differ from males in the paired or explicitly unpaired training schedule in 

Barrenha and Chester (2007) [28]. These complex interactions between sex, stress and 

learning paradigms highlight the general importance of assessing both females and males in 

safety learning procedures (for a detailed review on this topic see Krueger and Sangha in this 

special issue).

Finally, stress protocols similar to ours have been previously shown to induce unconditioned 

disturbances, like reduced body weight [70] and increased anxiety-related behavior [12, 53]. 

We did not observe comparable disturbances, since JS and no JS groups did not differ from 

each other in weight at the beginning of adult conditioning. All groups uniformly reduced 

their body weight from the first to the last FPS-session during discriminative conditioning. 

Likewise, both JS and no JS groups increased their startle response to unsignalled noise-

alone trials, indicating increased anxiety-related behavior over the course of adult 

conditioning. We did, however, find an increased number of mice that presented with 

alopecia in the JS group (see Figure 4) that did, however, not influence summation and 

retardation (see supplement). Since this was an incidental finding, data has to be interpreted 

with caution. A possible reason for alopecia is barbering, classically defined as plucking hair 

from the coat and/or whiskers from cage mates or oneself [40]. Barbering has been 
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characterized as a stress-related behavior [40] but has also been associated with social 

behavior [71] and social dominance and/or aggression [40], both of which could be 

perturbed by stress. Since alopecia was mainly observed around the snout, it is possible that 

it resulted from excessive self-barbering and/or hetero-barbering from littermates, although 

hetero-grooming appears more likely due to its higher prevalence in mice [72]. While the 

etiology of barbering behavior is insufficiently understood, genetic background is a likely 

contributor. Kalueff et al., (2006) reported that inbred mouse strains expressed barbering 

behavior in a context- and strain-specific manner and that strains showed differential 

sensitivity to stress-induced barbering [40]. Barbering also serves as a model for 

Trichotillomania [72], or hair pulling disorder, an impulse control disorder in humans [73], 

for which juvenile stress is a risk factor [74, 75]. Interestingly, HAP mice are more 

impulsive than LAP mice [22]. Thus, studies assessing (stress-induced) barbering in both 

HAP and LAP mice are warranted to further test the idea that the alopecia observed in the 

current study is a stress-related phenotype associated with genetic selection for alcohol 

preference.

In conclusion, we found that juvenile stress facilitated safety learning in male and female 

high alcohol preferring mice, but also increased the incidence of alopecia, highlighting the 

many different facets of stress consequences and the importance of assessing a variety of 

stress-related behavioral outcomes. Our observations were surprising, since these mice 

previously showed features characteristic for PTSD and AUD, including increased FPS and 

alcohol drinking after exposure to a different stress paradigms [29, 31, 33]. These results in 

mice may be relevant to understanding the influence of juvenile trauma for individual risk 

and resilience toward developing PTSD. As well, these results are translationally relevant to 

understanding mechanisms of stress coping and resilience, namely, the potential of safety 

cues to help cope with aversive experiences that lead to PTSD and how individuals might 

benefit from implementing safety cues in behavioral psychotherapy.
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Figure 1: 
Experimental outline. HAP3 mice were either presented with a three-day juvenile stress 

regimen (JS) or left undisturbed until behavioral testing started in adulthood (no JS). The 

conditioning paradigm consisted of a discriminative conditioning phase and a retardation of 

fear acquisition phase, each lasting 8 days with a 9-day break in between them. During 

conditioning (1/day, in the afternoon) mice were presented with 5 fear cue-foot shock 

pairings and 10 unreinforced safety cues. Fear potentiated startle (FPS) was assessed daily in 

the morning of these 8 days. FPS test sessions contained random presentations of 10 noise 

alone trials, 10 fear and 10 safety cues, as well as 10 compound safety+fear cues, each 

followed by the startle noise. During retardation conditioning the former safety cue was now 

paired with a footshock (5/session, 8 sessions on 8 consecutive days) and during FPS-

retardation 10 former safety/now fear cues were followed by the startle noise. A tone 

(10kHz, 100dB, 20s) and a light (6W, 20s) served as the conditioned stimuli and were 

counter-balanced across groups and sexes (i.e. for half of each group the light was the safety 

cue, the tone was the fear cue, and vice versa for the other half). PND: postnatal day, FPS: 

fear potentiated startle, DC: discriminative conditioning, RET: retardation conditioning, 

FPS-R: fear potentiated startle-retardation.
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Figure 2: 
Startle response after the first (FPS1) and last (FPS8) discriminative conditioning session. In 

FPS1 mice showed an increased startle response to the fear and the safety+fear cue, 

compared to the safety cue alone, indicating cue discrimination. Despite a non-significant 

stress x trial type interaction, this effect was carried by the no JS group (A). In FPS8, both 

the no JS and the JS group displayed higher FPS to the fear and the safety+fear cue 

compared to the safety cue alone. Moreover, in JS mice the FPS response to the safety+fear 

cue was significantly reduced compared to the fear cue, demonstrating successful fear 

inhibition and thus safety learning (B). Sex differences were not observed, therefore males 

and females were collapsed for graphical presentation. FPS: fear potentiated startle, JS: 

juvenile stress, no JS: no juvenile stress, S: safety cue, F: fear cue, SF: safety+fear cue; 

*p<0.05, **p<0.01, ****p<0.0001 between cues as indicated within the JS and the no JS 

group. #p<0.05 F and SF vs S collapsed over stress groups after insignificant stress x trial 

type interaction.
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Figure 3: 
Startle response after the first and the last conditioning session to the original fear cue 

(FPS1, FPS8) and the former safety/now fear cue (FPS-R1, FPS-R8). In session 1 (FPS1 and 

FPS-R1) the response to the original fear cue in no JS mice differed significantly from their 

response to the former safety/now fear cue and from the original fear cue response of the JS 

group (A). Session 8 revealed a significant main effect for retardation that appeared to be 

carried by the JS group. Since no sex differences were observed, males and females were 

collapsed for graphical presentation. JS: juvenile stress, no JS: no juvenile stress, F: fear cue, 

S: safety cue. *p<0.05, **p<0.01 as indicated.
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Figure 4: 
Body weight, unconditioned startle, and alopecia in the beginning (FPS1) and the end 

(FPS8) of adult discriminative S/F conditioning. Body weight reduced significantly over the 

course of adult conditioning regardless of juvenile stress and sex. Females weighed less than 

males throughout (A). The startle response to unsignalled startle noises alone increased 

uniformly in all groups over the course of adult conditioning and females showed a lower 

startle amplitude than males throughout sessions (B). The percentage of mice presenting 

with alopecia increased significantly after juvenile stress (C). JS: juvenile stress, no JS: no 

juvenile stress, m: males, f: females, alop: alopecia, no alop: no alopecia; &p<0.05, 
&&&&p<0.0001 session effect, $$p<0.01, $$$$p<0.0001 sex effect, ++p<0.01 distribution 

effect.
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