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Abstract

Anxiety disorders are highly prevalent across the lifespan, although diagnoses peak early in 

adolescence. As a method for inhibiting fear, safety signals have the potential to augment 

conventional treatments for anxiety. However, the ability to acquire and use safety signals during 

adolescence remains unclear. Moreover, the impact of stress on safety learning has received 

surprisingly little attention given that stress is a major factor preceding anxiety onset. In this study, 

mice were trained in a discriminative conditioning protocol to facilitate safety learning and were 

tested for fear inhibition using a conditioned safety signal. Next, independent groups of mice were 

exposed to chronic unpredictable stress (CUS) conditions between postnatal day 22 and 28, 

followed by tests for anxiety-like phenotypes or fear inhibition using a safety signal, performed 

either 24 hours or five weeks following CUS. Pre-adolescent CUS reduced weight in adolescence 

and this effect endured into adulthood. CUS also increased specific anxiety-like behaviors in 

adolescence that were unique from the increase in anxiety observed in adulthood. Despite 

increased anxiety-like behaviors, adolescents were able to learn about and effectively use safety 

signals to inhibit fear. In contrast, adults that experienced CUS showed a subtle increase in anxiety 

but had impaired safety signal learning and usage. Together, these findings indicate that pre-

adolescent stress has immediate and enduring effects on anxiety-like behaviors but impairs the 

capacity for conditioned inhibition only following incubation.
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1. Introduction

Fear responses facilitate self-preservation by increasing vigilance and helping an animal 

avoid potential danger. However, the inability to regulate fear responses can be maladaptive 

when it prevents the animal from engaging in other goal-directed activities. Altered fear 

regulation is a key feature of anxiety disorders. Notably, a peak in anxiety disorder 

diagnoses occurs during early adolescence and earlier onset has been associated with 

increased symptom severity and comorbidities later in life [1]. Prevalence of anxiety 

disorders is estimated to be as high as 30% [2], [3], with an even greater number of youths 

experiencing sub-diagnostic symptoms [4]. Unfortunately, conventional behavioral and 

pharmacological treatments have limited long-term efficacy for a notable percentage of the 

patient population [5], [6].

One of the most common components of treatment for anxiety disorders is exposure therapy, 

which is based on principles of fear extinction, an associative learning process by which a 

stimulus previously associated with an aversive outcome develops a secondary ‘safe’ 

association. Notably, the ‘safe’ memory does not overwrite the initial fear association, but 

rather masks its expression through associative competition, leaving open the possibility for 

the fear response to return [7]. Numerous studies have highlighted adolescent-specific 

difficulties with extinction learning [8]-[10]. Furthermore, the associative competition that 

manifests from extinction learning has been implicated as a key reason for adolescent fear 

inhibition failures [8].
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As an alternative means to regulate fear that avoids issues related to associative competition, 

safety signal learning has emerged as an area of great promise [11]. Safety signals are 

stimuli that explicitly represent safety by indicating the absence of an aversive outcome. 

Importantly, safety signals are separate from a fear stimulus and can attenuate fear 

responding through a process known as conditioned inhibition [12], highlighting the clinical 

potential for using safety signals to augment existing treatments for anxiety. For example, 

safety signals have been used to attenuate depression-like phenotypes in mice, exerting 

behavioral changes similar to those observed after pharmacological intervention [13]. In 

addition, the neural circuitry underlying fear inhibition using a safety signal differs from that 

engaged by extinction [14], [15], highlighting the potential for use in patient populations 

where conventional treatments are less effective, as is commonly the case during 

adolescence. While adolescent mice exhibit diminished fear regulation following extinction 

[10], adolescent mice can successfully differentiate between fear and safety signals as 

measured by freezing levels [16]. Yet, the extent to which safety signals can directly inhibit 

fear during adolescence has not been established.

Developmental exposure to stress can greatly impact subsequent neurodevelopment and 

behavior on a long-term scale [17]-[21]. Moreover, human and rodent studies alike suggest 

that early life stress imparts a lifelong susceptibility to anxiety and depression [22]-[25]. Yet 

most animal studies investigating safety learning use stress-naive subjects, making it difficult 

to determine the impact of stress on the capacity for safety signals to directly inhibit fear 

responding (i.e., conditioned inhibition). Addressing this gap in the literature will be critical 

for establishing the potential clinical value of safety signals, as many individuals suffering 

from psychiatric disease have had significant exposure to stress prior to entering treatment. 

A recent study found that one-day repeated foot shock stress led to impaired extinction but 

did not impact the ability to use a safety signal to inhibit fear in adult rats [26]. These 

findings provide initial support for the intact efficacy of safety signals following stress. 

However, additional work is necessary to establish the impact of chronic stress exposure on 

the regulation of fear responses by safety signals, particularly during adolescence.

The chronic unpredictable stress (CUS) model in rodents is thought to mimic the 

uncontrollable and unpredictable nature of stress often experienced by humans. Given the 

strong evidence for chronic stress-induced alterations in brain and behavioral functioning, 

we predicted that exposure to CUS during the transition from late childhood to adolescence 

would disrupt safety learning and fear inhibition both immediately (i.e., during adolescence) 

and long-term (i.e., during adulthood). We adapted a CUS paradigm for use in pre-

adolescent mice that has previously been used in adolescents [27] and adults alike [28] to 

induce anxiety- and depression-like behaviors. Previous literature has suggested that the 

transition into and throughout adolescence is a period of dynamic development and thus a 

sensitive period for adverse experience [18], [19], [29]. In line with this, adolescent mice 

appear to be more susceptible to a shorter bout of CUS than adults [27]. Here, we tested the 

sufficiency of a seven day CUS exposure confined to pre-adolescence (postnatal day, 

PND22-28) for inducing immediate and enduring increases in anxiety-like behaviors. In 

independent cohorts of mice, we then investigated the effect of prior stress exposure on 

adolescent and adult safety learning and conditioned inhibition. These experiments add to a 
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growing body of literature regarding how timing and duration of stress impact the 

subsequent capacity for fear regulation.

2. Material and Methods

2.1. Subjects

Pregnant C57BL/6N mice (Charles River Laboratories) arrived at embryonic day 12. On 

PND21, weaned males were mixed across litters and group-housed in cohorts of 3-5 per 

cage. Cages were randomly assigned to control or experimental conditions. To validate 

safety learning protocols, cages of mice were assigned to undergo either summation or 

retardation tests for conditioned inhibition during either adolescence or adulthood. Separate 

cages of mice were assigned to undergo CUS exposure or serve as controls during the pre-

adolescent period. Cages of control or CUS mice were then assigned to undergo either 

anxiety testing (open field, elevated plus maze, marble burying, and novelty-suppressed 

feeding) or safety learning protocols, during either adolescence or adulthood (Figure 2a). For 

experiments involving CUS, to ensure that any weight differences observed following stress 

were not due to baseline differences in weight, mice were weighed at the time of weaning 

and cages assigned to the control condition were weight-matched to cages assigned to the 

CUS condition. Mice were group housed throughout the study (with the exception of a 

single overnight isolation stress for CUS mice, described in Section 2.3) and maintained on a 

12-hour light/dark cycle at 18-22°C with food (LabDiet, PicoLab Rodent Diet 20) and water 

ad libitum. All behavioral tests were conducted during the light cycle. Experiments were 

carried out in accordance with the National Institutes of Health’s Guide for the Care and Use 

of Laboratory Animals and protocols were approved by the Weill Medical College of 

Cornell University’s Institutional Animal Care and Use Committee.

2.2. Safety Learning Protocols

2.2.1. Discriminative Conditioning—Discriminative conditioning was carried out in 

standard conditioning chambers (Med Associates) as previously described [15]. In the 

chamber, ambient light was provided through an LED Stimulus Light (50 lux; 18-cm above 

the grid floor). The chamber was scented with peppermint (1/1000 in 70% ethanol). Each 

day, for four consecutive days, mice were acclimated to the chamber for two minutes prior to 

any stimulus exposures then presented with intermixed trials of fear or safety cues on a 

variable intertrial interval (ITI; 30-90 seconds) schedule. The cues were distinct tones (2.9 

and 12.5 kHz, counterbalanced) played at 80dB for 20 seconds. For a subset of mice 

(Section 3.1) an additional 22.1 kHz tone was also included. Mice were exposed to two of 

the three tones during discriminative conditioning and the third tone served as a novel cue 

during the subsequent summation test (Section 2.2.2). Co-terminating with fear cue 

presentations, delivery of a 1-s 0.5mA foot shock served as the aversive unconditioned 

stimulus. Mice were exposed to two presentations of the fear cue and 30 presentations of the 

safety cue each day, with trial order varied daily. A subset of mice (Section 3.2) experienced 

parallel presentations of the 2.9 or 12.5 kHz tones but in the absence of the foot shock. 

These mice served as yoked stimulus controls in subsequent retardation tests. Mice remained 

in the conditioning chamber for one minute after the final stimulus presentation before being 
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returned to their home cages. Each discriminative conditioning session and all subsequent 

test sessions were recorded and analyzed using Video Freeze ® software (Med Associates).

2.2.2. Summation Test for Conditioned Inhibition—A summation test (applicable 

to mice in Sections 3.1, 3.4, and 3.6) took place 24 hours after the final discriminative 

conditioning session. A novel context (“Context B”) was used in order to isolate cue-elicited 

behavioral responses from residual contextual fear. The test context was differentiated using 

a black acrylic A-frame contextual insert, a white acrylic floor cover, and chevron print 

wallpaper on the back wall. Ambient light was provided throughout the session through a 

light box (125 lux; ceiling-mounted 52-cm above the floor). The chamber was scented with 

(−)-Limonene, 92% (1/1000 in 70% ethanol). Following a two-minute acclimation period to 

the testing chamber mice were presented with one trial each of the fear cue, the safety cue, a 

novel cue, a simultaneous presentation of the fear and safety cues together (i.e., safety 

compound) and a simultaneous presentation of the fear and novel cues together (i.e., a novel 

compound), all in the absence of shock.

To hone in on the ability of a safety cue to inhibit fear, mice in CUS groups and their control 

counterparts underwent a modified summation test. Following a two-minute acclimation 

period to the testing chamber mice were presented with intermixed trials of fear cues, safety 

cues, and simultaneous presentations of both cues together (i.e., the safety compound). 

Three of each stimulus type were presented to mice in the absence of shock pseudorandomly 

(i.e., no stimuli were repeated two trials in a row). For both variations of the summation test, 

cue presentations lasted for 20 seconds with an ITI of 60 seconds. After the final tone 

presentation, mice remained in the chamber for one minute before being returned to their 

home cages.

2.2.3. Retardation Test for Conditioned Inhibition—A retardation test (applicable 

to mice in Section 3.2) took place 24 hours after the final session of discriminative 

conditioning. In addition to mice with standard discriminative conditioning (“Safety”) and 

yoked stimulus controls (“Stimulus”), a third group of mice that had remained in the 

homecage was used (“Naive”). The retardation test took place in Context B (see details in 

Section 2.2.2), but with the floor cover removed to expose the grid floor for foot shock. 

Following a two-minute acclimation period to the testing chamber mice were presented with 

the safety cue (or corresponding yoked cue) co-terminating with a foot shock (1-s, 0.5mA) 

on a partial reinforcement schedule with randomly alternating presentations of shocked and 

un-shocked cues, four of each. Cue presentations lasted for 20 seconds with a 60 second ITI. 

After the final tone presentation, mice remained in the chamber for one minute before being 

returned to their home cages.

2.3. Chronic Unpredictable Stress (CUS)

CUS was administered from PND22 to PND28 (Figure 2). The CUS paradigm was adapted 

from previous studies [27], [28] with minor changes noted below. In brief, mice were 

exposed to three random, mild, and unpredictable stressors per day, including morning (1-3 

hours), afternoon (1-3 hours), and overnight (12 hours) exposures. Stressors included: cage 

rotation, light off in the day, light on overnight, isolation, restraint stress, cold water swim 
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(18°C, 10 minutes), cage tilt, wet bedding, no bedding, soiled rat bedding, white noise, 

stroboscopic light, and cage change. Because the subjects were recently weaned pre-

adolescent mice, food deprivation and cold stress were excluded as stressors. The first day of 

stress was always 1-hour rotation, cage tilt, and lights on overnight, and the final stress 

exposure was always 1-hour restraint stress plus white noise. The final stress ended 24 hours 

before any behavior was initiated. Control mice remained in the colony and were handled 

twice between PND22-28 for cage changes and tail markings. All mice were weighed 24 

hours after the last stress exposure (PND29). Following CUS, mice were returned to the 

colony room until testing began. Adolescent behavioral testing began on PND29, 24 hours 

after the final stressor was administered on PND28. For adult behavioral experiments, mice 

were returned to the colony and handled weekly for cage changes and tail markings, 

otherwise remaining undisturbed until testing began on PND64.

2.4. Tests for Anxiety-like Phenotypes

2.4.1. Open Field (OF)—Locomotor activity and anxiety-like phenotypes were 

measured in a plexiglass test apparatus (41cm2) and recorded for 10 minutes. At the start, 

each mouse was placed into the same corner of the arena under 100 lux. Activity was 

recorded and analyzed using Ethovision 5.1 (Noldus). The arena was sectioned in Ethovision 

to include a 26cm2 square in the center. Total distance traveled and time spent in the center 

and edges of the apparatus were quantified using the center point of the mouse.

2.4.2. Elevated Plus Maze (EPM)—Each mouse was placed on the same location of an 

open arm and allowed to explore the apparatus for 5 minutes. Testing occurred under 100 

lux and activity was recorded and analyzed using Ethovision 5.1 (Noldus). Time spent in the 

open and closed arms and transition zones was measured using the center point of the 

mouse. Time in transition zones was calculated as the time spent in the middle of the 

apparatus plus time spent in the first 3.4 cm of the open arms.

2.4.3. Marble Burying—The marble burying test was run as previously described [27], 

[30]. Briefly, mice were placed in a small cage (27 x 17 x 12 cm) with 5-cm deep aspen chip 

bedding, on top of which 20 marbles were equally distributed. Mice were placed in the cage 

for 10 (adults) or 30 (adolescents) minutes. These test times were chosen based on data from 

pilot experiments that found these durations were sufficient for stress-naive mice to bury 

~50% of marbles (data not shown). Testing occurred under 50 lux. Pictures were taken 

before and after testing for later analysis in ImageJ. A marble was considered buried if 75% 

of the marble was under bedding, determined by individual ROI pixel intensity for each 

exposed marble relative to pixel intensity of an uncovered marble set prior to testing.

2.4.4. Novelty-Suppressed Feeding (NSF)—Prior to testing, mice were food 

deprived for 12 hours (adolescents) or 18 hours (adults). A shorter deprivation period was 

used for adolescents given that adolescent mice are still rapidly growing. Accordingly, while 

adult mice were given a maximum of 10 minutes (600 sec) to feed, adolescents were given a 

maximum of 5 minutes (300 sec) to feed. On test day, mice were placed in the corner of an 

arena (41 x 27 x 16.5 cm) containing a layer of fresh bedding and a single food pellet placed 

in the center of the arena under 100 lux. Latency to feed was recorded. Mice that failed to 
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feed in the predetermined time limit were censored but not excluded from the main analysis 

(see [31]). In a secondary analysis, mice that failed to feed in the predetermined time limit 

were excluded from the analysis to investigate differences in latency to feed in those mice 

that do feed. Homecage food intake over a 15-minute period after the test (i.e., homecage 

feeding) was measured as a feeding control. In order to measure individual homecage 

feeding, only one mouse was placed in the homecage at a time while cagemates were placed 

in a holding cage.

2.5. Statistics

Multifactor Analysis of Variance (ANOVAs) with the Greenhouse-Geisser correction for 

non-spherical data (when applicable) were used to evaluate weight gain, discriminative 

conditioning, contextual fear, and summation and retardation tests. For weight gain, 

Condition (control, CUS) served as a between-subjects measure and Age (PND21, PND29, 

and when applicable: PND64) served as a repeated measure. For discriminative 

conditioning, Stimulus Type (fear, safety) served as a within-subjects measure and Session 

(discriminative conditioning, DC1-4) served as a repeated measure. For contextual fear, 

Session (DC1-4) served as a repeated measure. For summation test data, Stimulus Type 

(fear, safety, safety compound, and when applicable: novel compound, novel) served as a 

within-subjects measure. For experiments involving CUS, Condition (control, CUS) was 

also included as a between-subjects measure in analysis of discriminative conditioning, 

contextual fear, and summation test data. To analyze retardation test data, Experience 

(safety, stimulus, naive) served as a between-subjects measure and Trial (1-8) served as a 

repeated measure. Significant interactions were decomposed using post-hoc Bonferroni-

corrected multiple comparisons. Unpaired, two-tailed t-tests were used to analyze group 

differences in the OF, EPM, marble burying test, and homecage feeding. Given the lack of 

normal distribution in latency to feed data during the NSF test, we used the Kaplan-Meier 

survival analysis and Mantel-Cox log rank test to evaluate group differences [31]. In all 

safety learning protocols freezing was defined as the absence of visible movement except 

that required for respiration. Video Freeze ® (Med Associates) was set at a motion threshold 

of 18 Units for automatic scoring. For all cued fear analyses the percentage time spent 

freezing was calculated by dividing the cumulative time freezing during the cue by the cue 

duration (20s) then averaged across like-cues. For analysis of retardation test data, freezing 

was evaluated relative to levels attained at the end of discriminative conditioning to account 

for baseline differences in freezing between groups following exposure to (safety group), or 

absence of (stimulus group) foot shocks. Freezing data from naive mice was not adjusted. To 

examine contextual fear, freezing was quantified during 40 seconds of the chamber 

acclimation period (the initial 20s in the chamber and the 20s preceding the first tone) on 

each day of discriminative conditioning. For experiments involving CUS, planned 

comparisons were employed to evaluate hypotheses related to discriminative conditioning 

and summation test data. Specifically, to test the hypothesis that CUS would delay fear and 

safety discrimination, a planned comparison was used to establish the number of days 

required to reach significant discrimination during discriminative conditioning. In addition, 

to test the hypothesis that CUS would disrupt conditioned inhibition, a planned comparison 

was used to examine relative levels of freezing to fear, safety, and safety compound cues 

during the summation test. Across all analyses, differences were considered significant for P 
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values less than 0.05. Generalized eta squared was reported where appropriate as a measure 

of effect size. Statistical analyses were performed in R Studio.

3. Results

3.1. Safety signals attenuate fear in adolescent and adult mice

While the safety learning protocols used in the present study have been shown to produce a 

safety signal capable of inhibiting fear in adult mice [15], it has yet to be established 

whether adolescents can successfully learn to use safety signals. Mice underwent 

discriminative conditioning beginning on either PND29 (adolescents, n = 13) or PND70 

(adults, n = 12). Mice learned to discriminate between presentations of fear and safety cues 

across the four sessions of discriminative conditioning, freezing more to the fear than the 

safety cue (Figure 1a,c), supported by an interaction between Session and Stimulus Type in 

both adults (F(3, 33) = 17.37, p < 0.001, η2 = 0.20) and adolescents (F(3, 36) = 35.66, p < 

0.001, η2 = 0.35). Both adolescent and adult mice exhibited increasing contextual fear 

across sessions (Figure 1a,c; adults: F(3, 33) = 8.10, p < 0.001, η2 = 0.27; adolescents: F(3, 

36) = 7.81, p < 0.001, η2 = 0.25). Both ages exhibited an increase in contextual fear relative 

to a context-naive baseline (DC1) during DC2 (adults: padj = 0.036; adolescents: padj = 

0.018) and DC3 (adults: padj = 0.012; adolescents: padj = 0.012). However, contextual fear 

attenuated back to baseline (DC1) levels by DC4 (adults: padj = 0.066; adolescents: padj = 

0.084). Contextual fear did not differ between any other sessions (adults: padj from 0.180 to 

>0.999; adolescents: padj from 0.510 to >0.999).

Following discriminative conditioning, mice underwent a test session in which they were 

presented with one trial each of the fear cue, the safety cue, a novel cue, a simultaneous 

presentation of the fear and safety cues together (i.e., safety compound) and a simultaneous 

presentation of the fear and novel cues together (i.e., a novel compound), all in the absence 

of shock (Figure 1b,d). For both adolescent and adult mice there was a main effect of 

Stimulus Type (adults: F(4, 44) = 22.49, p < 0.001, η2 = 0.42; adolescents: F(4, 48) = 68.94, 

p < 0.001, η2 = 0.74). Decomposition of this effect in adult mice revealed that freezing was 

lowest during the safety cue, relative to the fear cue (padj < 0.001), safety compound (padj = 

0.030), and novel compound (padj < 0.001). Freezing did not differ between the safety and 

novel cues (padj = 0.060). Freezing also did not differ between the novel cue and the safety 

compound (padj > 0.999) or novel compound (padj = 0.100), but was reduced during the 

novel cue relative to the fear cue (padj < 0.001). Importantly, mice froze less during the 

safety compound relative to fear cue (padj = 0.020), replicating our previous finding [15] that 

the safety cue is capable of inhibiting fear. Mice also froze less during the safety compound 

than the novel compound (padj = 0.030), while freezing did not differ between the fear cue 

and the novel compound (padj > 0.999), indicating that the capacity for fear inhibition is 

specific to the safety cue and reduced freezing during the safety compound does not reflect a 

generalization decrement due to novelty. In adolescent mice, freezing was again lowest 

during the safety cue, relative to the fear cue, safety compound, and novel compound (all 

padj < 0.001), while freezing did not differ between the safety and novel cues (padj > 0.999). 

Unlike adult mice, adolescent mice froze less during the novel cue relative to the safety 

compound (padj = 0.001) and novel compound (padj < 0.001), as well as the fear cue (padj < 
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0.001). As with adults, adolescent mice froze less during the safety compound relative to 

fear cue (padj = 0.020), providing the first evidence that adolescent mice can use safety cues 

to inhibit fear. Adolescent mice also froze less during the safety compound than the novel 

compound (padj = 0.002), but freezing did not differ between the fear cue and the novel 

compound (padj > 0.999), indicating that the capacity for fear inhibition is specific to the 

safety cue in adolescents as well as adults.

3.2. Safety learning retards fear learning in adolescent and adult mice

Mice underwent discriminative conditioning beginning on either PND29 (adolescents, n = 

12) or PND70 (adults, n = 10). As expected based on the results presented in Section 3.1, 

both adolescent (Figure 1g) and adult (Figure 1e) mice learned to discriminate between 

presentations of fear and safety cues across sessions, freezing more to the fear than the 

safety cue (interaction between Session and Stimulus Type, adults: (F(3, 27) = 20.12, p < 

0.001, η2 = 0.36; adolescents: (F(3, 33) = 27.12, p < 0.001, η2 = 0.28). Additional mice of 

each age (adolescents, n = 14; adults, n = 9) that experienced parallel presentations of the 

tones but no foot shock were included as stimulus controls. These mice showed no 

differences in responding to the two cues (adults: p from 0.060 to 0.559; adolescents: p from 

0.459 to 0.840), showing that cue-shock pairings, rather than cue presentations alone, are 

required to induce freezing behavior in both adolescent and adult mice.

Both adolescent and adult mice exhibited increasing contextual fear across discriminative 

conditioning sessions (Figure 1e,g; adults: F(3, 27) = 7.31, p < 0.001, η2 = 0.37; 

adolescents: F(3, 33) = 10.56, p < 0.001, η2 = 0.39). Both ages exhibited an increase in 

contextual fear relative to DC1 during DC2 (adults: padj = 0.004; adolescents: padj = 0.002) 

and DC3 (adults: padj = 0.006; adolescents: padj = 0.012). Contextual fear attenuated back to 

baseline (DC1) levels by DC4 in adults (padj = 0.156), but not adolescents (padj = 0.012). 

Contextual fear did not differ between any other sessions (adults: all padj > 0.999; 

adolescents: padj from 0.090 to >0.999). Adult mice serving as stimulus controls showed 

mild elevations in freezing across sessions (F(3, 24) = 3.68, p = 0.026, η2 = 0.26), driven by 

a difference in freezing between DC1 and DC4 (padj = 0.012), although average contextual 

fear did not exceed 15% of the recording period and no other session comparisons reached 

significance (padj from 0.150 to >0.999), limiting the interpretation of this increase in 

freezing as contextual fear per se. Adolescent mice serving as stimulus controls did not show 

any differences in freezing across sessions (p = 0.076).

Following discriminative conditioning, mice underwent a retardation test session in which 

they were presented with the safety cue (or corresponding yoked cue) co-terminating with a 

foot shock (Figure 1f,h). Within both age groups, mice exhibited a reduced rate of fear 

acquisition when the stimulus was previously trained as a safety cue relative to mice trained 

as stimulus controls, and naive mice with no previous training (naive adolescents, n = 12; 

adults, n = 12). This was supported by a significant interaction between Trial and Experience 

in both adults (F(14, 196) = 2.38, p = 0.004, η2 = 0.09) and adolescents (F(14, 245) = 2.83, p 
< 0.001, η2 = 0.09). To decompose this interaction and further investigate the rate of fear 

acquisition, the difference in freezing across the session (Trial 8 relative to Trial 1) was 

compared between the three groups. This analysis revealed an attenuated rate of fear 
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acquisition in adult mice trained with the safety signal relative to mice with no previous 

training (padj < 0.001) but not mice trained as stimulus controls (padj = 0.15). Adolescent 

mice trained with the safety signal exhibited an attenuated rate of fear acquisition relative to 

mice with no previous training (padj = 0.006) as well as mice trained as stimulus controls 

(padj = 0.021). The rate of fear acquisition did not differ between mice trained as stimulus 

controls and mice with no previous training for either adults (padj = 0.066) or adolescents 

(padj > 0.999). Thus, previous training with a safety cue retards new fear learning in both 

adolescent and adult mice, indicative of the safety signal having acquired conditioned 

inhibitory properties during discriminative conditioning [32]. However, while safety learning 

in adolescent mice delays fear learning relative to both stimulus trained and naive controls, 

fear learning following safety learning in adult mice was delayed only relative to naive mice, 

suggesting that latent inhibition due to stimulus pre-exposure may partially explain the 

retardation effect in adults only.

3.3. Pre-adolescent stress reduces weight gain and increases anxiety-like behavior in 
adolescents

Starting on PND22, mice in the stress condition (n = 25) underwent seven days of CUS 

(Figure 2). Mice in the control condition (n = 24) remained in the homecage. Control and 

CUS mice were weighed again 24 hours after the last stress exposure (PND29). As expected, 

mice in the CUS condition gained significantly less weight compared to controls (Figure 3a), 

supported by an interaction between Age and Condition, F(1, 47) = 58.55, p < 0.001, η2 = 

0.11, which was further decomposed to reveal that CUS mice weighed less than control mice 

at PND29 (padj < 0.001) but not PND21 (padj > 0.999).

To determine whether seven days of CUS was sufficient to induce an anxiety-like phenotype, 

a subset of mice (n = 9 control, 10 CUS) received a battery of anxiety tests (Figure 2). In the 

OF test, there was no significant difference in time spent in center (p = 0.869) or edge (p = 

0.882) zones or in distance traveled (p = 0.867); however, CUS mice produced more fecal 

boli than controls (t(17) = 2.59, p = 0.019)(Figure 3b). In the EPM, there were no significant 

differences in time spent in open arms (p = 0.186), closed arms (p = 0.570) or investigative 

transition zones (p = 0.051), but CUS mice produced more fecal boli (t(17) = 2.12, p = 

0.049) than control mice (Figure 3c). In the marble burying test, CUS mice buried more 

marbles than controls (t(17) = 2.31, p = 0.034)(Figure 3d). Finally, in the NSF test, there 

were no differences in either latency to feed (p = 0.352) or homecage feeding (p = 0.515)

(Figure 3e). Two control mice and two CUS mice were censored (but not excluded) from the 

analysis for failing to eat within the predetermined five-minute time limit, consistent with 

previous analysis parameters for this test [31]. In a secondary analysis that excluded, rather 

than censor, mice that failed to eat, CUS mice showed a significant increase in latency to 

feed (X2(1, N = 15) = 5.9, p = 0.015) with no difference in homecage feeding (p = 0.318)

(Figure 3f). Overall, these results suggest that seven days of pre-adolescent CUS is sufficient 

to produce immediate anxiety-like behaviors.

3.4. Pre-adolescent stress does not impact adolescent safety learning

To examine the impact of pre-adolescent CUS on adolescent safety learning, mice (n = 15 

control, 15 CUS) underwent discriminative conditioning beginning on PND29 (Figure 4a). 
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Both groups similarly learned to discriminate between presentations of the fear and safety 

cues across sessions, freezing more to the fear cue than the safety cue. Analysis revealed 

significant interactions between Session and Stimulus Type, F(3, 84) = 85.56, p < 0.001, η2 

= 0.41, and Session and Condition, F(3, 84) = 3.17, p = 0.028, η2 = 0.03). To determine the 

number of sessions required to attain significant discrimination, planned comparisons were 

performed between fear and safety cues for each session, by condition. These comparisons 

revealed that both groups of mice reached significant discrimination (i.e., greater freezing 

during the fear cue than the safety cue) during the second session (Control mice: DC1, t(14) 

= 0.99, padj > 0.999; DC2, t(14) = 6.44, padj < 0.001; DC3, t(14) = 10.70, padj < 0.001; DC4, 

t(14) = 8.92, padj < 0.001; CUS mice: DC1, t(14) = 1.40, padj = 0.740; DC2, t(14) = 7.52, 

padj < 0.001; DC3, t(14) = 11.30, padj < 0.001; DC4, t(14) = 11.70, padj < 0.001). Contrary to 

our prediction, these data indicate that pre-adolescent exposure to CUS does not impact 

adolescent discriminative conditioning.

Both control and CUS mice exhibited increasing contextual fear across discriminative 

conditioning sessions (Figure 4a), supported by a main effect of Session (F(3, 84) = 22.96, p 
< 0.001, η2 = 0.30). In addition, although contextual fear did not differ between control and 

CUS mice (no effect of Condition, p = 0.241) the dynamics of contextual fear expression 

differed across sessions (interaction between Session and Condition, F(3, 84) = 3.96, p = 

0.011, η2 = 0.07). This interaction was decomposed to reveal that mice in both groups 

exhibited increased contextual fear relative to a context-naive baseline (DC1) during DC2 

(Control: padj < 0.001, CUS: padj = 0.002) and DC3 (Control: padj = 0.002, CUS: padj = 

0.004). However, while control mice attenuated back to baseline levels by DC4 (padj = 

0.072), contextual fear persisted in CUS mice (padj = 0.030). Contextual fear did not differ 

between DC2 and DC3 (Control: padj > 0.999, CUS: padj = 0.102) or between DC3 and DC4 

(Control: padj = 0.090, CUS: padj > 0.999) for either group and did not differ between DC2 

and DC4 for CUS mice (padj > 0.999), but freezing was higher during DC2 than DC4 in 

control mice (padj = 0.003). Together, these data support modest differences in how 

adolescent contextual fear is acquired and regulated over time as a result of stress exposure.

Following discriminative conditioning, mice underwent a summation test session in which 

they were presented with intermixed fear, safety, and safety compound cues (Figure 4b). 

Differential responding to fear, safety, and safety compound cues was apparent (main effect 

of Stimulus Type, degrees of freedom corrected using Greenhouse-Geisser estimates (ε = 

0.79) to account for a violation of the assumption of sphericity, F(1.58, 44.24) = 214.41, p < 

0.001, η2 = 0.73). However, pre-adolescent stress had no impact on conditioned responding 

(no effect of Condition, F(1, 28) = 0.29, p = 0.592, η2 = 0.01; no interaction, F(1.58, 44.24) 

= 0.03, p = 0.972, η2 = 0.00). To investigate hypotheses related to the capacity for 

conditioned inhibition, planned comparisons were performed to compare freezing levels 

between the three cues. As expected, mice froze the least during safety cues, relative to fear 

cues (Control, t(14) = 18.20, padj < 0.001; CUS, t(14) = 13.50, padj < 0.001) as well as safety 

compound cues (Control, t(14) = 8.61, padj < 0.001; CUS, t(14) = 8.68, padj < 0.001). 

Notably, freezing was also significantly lower during safety compound cues than fear cues 

(i.e., conditioned inhibition; Control, t(14) = 3.63, padj = 0.009; CUS, t(14) = 5.06, padj < 

0.001). In sum, contrary to our prediction, pre-adolescent exposure to CUS does not impact 

the ability to use a safety signal to attenuate fear during adolescence.
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3.5. Pre-adolescent stress reduces weight gain and produces mild anxiety-like behavior 
in adults

To examine the enduring effects of pre-adolescent CUS on adult anxiety-like behaviors, 

mice underwent the same procedures described above (Figure 2). Mice were handled weekly 

but otherwise remained undisturbed until adult testing began. On PND64, prior to behavioral 

testing, mice were weighed for a third time. CUS mice (n = 21) weighed significantly less at 

PND29 compared to controls (n = 21; Figure 5a), replicating our findings from Section 3.3 

and Figure 3a. Interestingly, CUS mice continued to show significant weight differences at 

PND64 (Figure 5a), suggesting these mice did not fully recover from the CUS-induced 

reductions in weight gain (interaction between the Age and Condition, degrees of freedom 

corrected using Greenhouse-Geisser estimates (ε = 0.87) to account for a violation of the 

assumption of sphericity, F(1.74, 69.6) = 14.44, p < 0.001, η2 = 0.108). This interaction was 

decomposed to reveal that CUS mice weighed less than control mice at PND29 (padj < 

0.001) and PND64 (padj = 0.016) but not PND21 (padj > 0.999).

A subset of these mice (n = 9 control, 9 CUS) underwent the same anxiety tests described 

above starting at PND64 (Figure 2a). In the OF test, there were no differences between 

control and CUS mice in time spent in center (p = 0.693) or edge (p = 0.705) zones, distance 

traveled (p = 0.386), or in number of fecal boli produced (p = 0.414)(Figure 5b). One mouse 

was excluded from the control condition during the OF test due to video failure. In the EPM, 

there were no differences in time spent in open arms (p = 0.655) or in closed arms (p = 

0.581); however, CUS mice spent less time in investigative transition zones (t(16) = 2.38, p 
= 0.03), and produced more fecal boli (t(18) = 2.39, p = 0.03) compared to controls (Figure 

5c). In the marble burying test, pre-adolescent CUS did not affect the number of marbles 

buried (Figure 5d; p = 0.304). Finally, in the NSF test, pre-adolescent CUS did not affect 

adult latency to feed (p = 0.127) or homecage feeding (p = 0.545)(Figure 5e). Three control 

mice and one CUS mouse were censored (but not excluded) from the analysis for failing to 

eat within the predetermined 10-minute time limit, consistent with previous analysis 

parameters for this test [31]. A secondary analysis that excluded, rather than censor, mice 

that failed to eat, also did not show any differences in latency to feed (p = 0.257) or 

homecage feeding (p = 0.909)(Figure 5f). These results suggest that seven days of pre-

adolescent stress causes long-lasting effects on weight and mild effects on baseline anxiety-

like behaviors.

3.6. Pre-adolescent stress delays discriminative conditioning and disrupts conditioned 
inhibition in adults

To examine the enduring effects of pre-adolescent CUS on adult safety learning, a subset of 

mice underwent discriminative conditioning beginning on PND64 (n = 12 control, 12 CUS). 

Both groups similarly learned to discriminate between presentations of the fear and safety 

cues across sessions, freezing more to the fear cue than the safety cue (Figure 6a), supported 

by an interaction between Session and Stimulus Type (F(3, 66) = 34.60, p < 0.001, η2 = 

0.32). To determine the number of sessions required to attain significant discrimination, 

planned comparisons were performed between fear and safety cues for each session, by 

group. While control mice reached significant levels of discrimination during the second 

conditioning session (DC1, t(11) = 0.74, padj > 0.999; DC2, t(11) = 3.01, padj = 0.047; DC3, 
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t(11) = 8.07, padj < 0.001; DC4, t(11) = 18.30, padj < 0.001), CUS mice did not discriminate 

until the third conditioning session (DC1, t(11) = 0.41, padj > 0.999; DC2, t(11) = 1.38, padj 

= 0.784; DC3, t(11) = 3.53, padj = 0.019; DC4, t(11) = 7.51, padj < 0.001). Thus, although 

pre-adolescent exposure to CUS does not impact adolescent discriminative conditioning, 

transient delays in safety learning emerge during adulthood.

Examination of adult contextual (Figure 6a) revealed an increase in contextual fear across 

discriminative conditioning sessions (main effect of Session, F(3, 66) = 11.93, p < 0.001, η2 

= 0.24). However, pre-adolescent CUS had no impact on contextual fear (no effect of 

Condition, p = 0.149; no interaction between Condition and Session, p = 0.285).

During the summation test (Figure 6b), both groups showed differences in freezing to fear, 

safety, and safety compound cues (main effect of Stimulus Type, F(2, 44) = 54.28, p < 

0.001, η2 = 0.61), although no group differences were observed for conditioned responding 

(no effect of Condition, p = 0.273; no interaction, p = 0.178). As with adolescent mice 

(Section 3.4), planned comparisons were performed to investigate hypotheses related to 

safety learning and the capacity for conditioned inhibition. Mice froze the least during safety 

cues, relative to fear cues (Control, t(11) = 15.10, padj < 0.001; CUS, t(11) = 3.86, padj = 

0.009) as well as compound cues (Control, t(11) = 6.98, padj < 0.001; CUS, t(11) = 4.61, padj 

= 0.002). However, while control mice exhibited less freezing during safety compound cues 

than fear cues (i.e., conditioned inhibition; t(11) = 2.94, padj = 0.039), freezing was 

comparable in CUS mice (t(11) = 1.08, padj = 0.909). In sum, in line with our prediction, but 

contrary to our findings in adolescent mice, pre-adolescent exposure to CUS disrupts the 

ability to use a safety signal to attenuate fear during adulthood.

4. Discussion

In this study, we first validated a safety learning protocol to determine whether adolescent 

mice can acquire a safety signal capable of inhibiting fear. Our findings show that adolescent 

mice are adept at discriminating between fear and safety cues, exhibiting a discrimination 

profile comparable to adult mice. Importantly, this is the first report, to our knowledge, 

demonstrating that adolescent mice are capable of using a safety signal to attenuate fear. By 

showing that fear inhibition was specific to the safety signal (i.e., did not occur in the 

presence of a novel stimulus) and that previous safety learning retards new fear learning, we 

confirmed that the safety signal acts as a conditioned inhibitor of fear. Previous literature has 

suggested that adolescents experience difficulties regulating behavior under a variety of 

affectively charged circumstances [33]-[37]. Our findings suggest a divergence in which 

safety signals, given their explicit value as an indicator of safety, effectively facilitate 

behavioral inhibition. Additional studies directly comparing adolescent conditioned 

inhibition of fear using safety signals relative to adults are necessary to fully elucidate the 

development of inhibitory control.

Substantial research has highlighted adverse behavioral outcomes, as well as an increased 

susceptibility to psychiatric disease, that can occur following early life stress [22]-[25]. In 

light of this, our study aimed to establish the efficacy of safety signals as a means to inhibit 

fear in both stress-naive and stress-exposed populations. Although prior stress exposure 
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causes an increase in some measures of anxiety during adolescence, mice can effectively 

acquire and use a safety signal to inhibit fear responding. In contrast, while adults with prior 

stress exposure manifest fewer anxiety-like behaviors, they exhibit delayed safety learning 

and fail to inhibit fear in the presence of a safety signal.

We applied a battery of measures to assess anxiety-related behaviors. Among them, reduced 

weight gain has been shown to be a robust marker of the impact of CUS in adolescent and 

adult rodents [38], [39]. Additional tests were chosen to assay different manifestations of 

anxiety-like behavior, including locomotion and exploratory behavior (OF), approach/

avoidance behavior (EPM), repetitive behaviors or defensive probe burying (marble 

burying), and hyponeophagia (NSF). We found that stress exposure during a transient 

window of pre-adolescent development reduced weight gain and increased some anxiety-like 

behaviors during early adolescence. While we did not observe any effects of CUS on zone 

preference or locomotion in the OF or EPM, we observed a significant increase in fecal boli 

from CUS mice in both tests, suggesting higher baseline levels of anxiety in CUS mice (e.g., 

[40] but see [41]). Using a variety of stress models, others have shown that peri-pubertal 

stress either decreases anxiety-like behaviors in the OF and EPM and increases novelty-

seeking [42], [43], or has no effect on anxiety-like behaviors in the EPM compared to 

controls when tested in adolescence [44]. Thus, while adolescents exhibit an increase in 

repetitive behaviors like defensive burying, they may be temporarily protected from stress-

induced deficits in exploratory behaviors (OFT and EPM). The observed protection is 

specific to adolescence as rodents that experience pre-adolescent and adolescent stress show 

increased anxiety-like behavior in adulthood [25], [27], [42]. Similarly, we found that pre-

adolescent stress caused long-lasting reductions in weight and increased anxiety-like 

behaviors in the EPM in adulthood. Although there were no differences in time spent in 

open or closed arms, control mice spent more time in investigative transition zones, which 

can be interpreted as shifts in risk assessment. In contrast, we observed no effect of pre-

adolescent CUS on adult OF, marble burying, or NSF behaviors. These findings are in line 

with a previous report that 14 days of stress from PND21-35 was sufficient to reduce weight 

at PND120, but did not impact OF behaviors [29]. In conclusion, one week of pre-

adolescent stress has immediate and enduring effects on weight gain, a short-term protection 

from reductions in exploratory behavior, and a short-term susceptibility to increased 

defensive burying and hyponeophagia.

Surprisingly, despite reductions in weight gain and increases in some anxiety-like behaviors, 

previously stressed adolescent mice had comparable safety learning and conditioned 

inhibition compared to controls. In contrast, pre-adolescent stress disrupts the ability to use a 

safety signal to attenuate fear during adulthood. The differential effects of pre-adolescent 

CUS on adolescent and adult behavior may be mediated by a variety of factors. For example, 

the nature of the effects of stress likely depends on the type of stressor(s) used [45]. 

Homotypic stressors can become predictable and elicit a habituated or attenuated response 

following repeated exposures (see [46]). Furthermore, chronic but predictable mild stress has 

also been shown to decrease depression and anxiety-related behaviors and confer protection 

to future stress in adolescents and adults [47], [48]. Conversely, unpredictable stress 

increases depression and anxiety-related behaviors [13] and does not induce habituation of 

the corticosterone response to a subsequent bout of restraint stress [49].
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Another factor that may influence the impacts of stress exposure on later anxiety and 

behavioral performance is the precise age at which stress exposure occurs. Yohn & Blendy 

(2017) [27] found that adolescent stress led to an anxiety-like phenotype on multiple 

behavioral measures 30 days later, but that adult stress had no impact on later anxiety. 

Similarly, exposure to mild foot shock stress through fear conditioning during adolescence 

disrupted adult conditioned inhibition [50], yet exposure to mild unpredictable stress only 

during adulthood left conditioned inhibition intact [13]. Importantly, the duration of time 

between stress and behavioral tests could also influence the interpretation of these findings, 

as well as our present results. For example, one lab found that a single, high-intensity foot 

shock increased sensitized fear responding and led to generalized avoidance behavior 28 

days, but not 24 hours, after the stress exposure [51], [52]. One major link between stress 

and subsequent anxiety may be the disruption of neurodevelopmental processes that occurs 

during the incubation period [53]. Indeed, the heightened plasticity that sets the foundation 

for rapid neural change during development also leaves developing circuits susceptible to 

environmental impacts. As such, stress exposure during a peri-adolescent window is most 

likely to alter the maturational trajectories of brain circuitry related to fear regulation, which 

are rapidly developing during early adolescence and throughout the incubation period 

observed in our study [54], [55].

Interestingly, the absence of detrimental effects of stress on adolescent safety learning 

suggest that ongoing brain development may confer temporary protection that overrides the 

expression of aberrant fear responding to facilitate developmental goals. Of particular note 

regarding peri-adolescent development of fear circuitry is a temporary surge in connectivity 

between subcortical regions, including the amygdala and ventral hippocampus, and the 

prefrontal cortex [56], as well as continued functional integration of these circuits [57], [58] 

as the brain approaches maturity. The same circuits are implicated in adult expression and 

regulation of fear [15], [59]-[64]. Transient increases in synaptic integration in these circuits 

may therefore enable safety learning in adolescents, while the deleterious effects of pre-

adolescent CUS exposure may create lasting impairments in safety learning by disrupting 

circuit maturation [65], [66].

Although interpretation of the present study has been limited to preclinical studies, our 

findings emphasize the importance of considering both age and prior experience when 

determining the appropriate course of clinical treatment [67]-[69]. Our findings suggest it is 

worth exploring in clinical studies whether stressed adolescents might benefit from using 

safety signals, as a novel way to mitigate fear when other methods (e.g., fear extinction 

[8]-[10]) are otherwise limited and ineffective. In contrast, the clinical application of safety 

signals for adults with a history of stress exposure may not be as simple. Even so, perhaps 

with additional training or pharmacological intervention, adults may reap the same fear 

inhibition benefits. The combination of an antidepressant and cognitive behavioral therapy 

has been shown to be superior to either treatment alone for anxiety and PTSD [4], [70]. 

Future research may show similar validation for the integration of pharmacotherapy and 

safety learning to serve as a promising avenue for treatment.

One limitation of our study is age differences in normative performance during anxiety tests. 

Therefore, specific parameters like test duration and food deprivation time were adapted to 
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accommodate these performance differences. While we cannot say for certain that these 

testing changes do not contribute to the observed age differences in anxiety-related 

phenotypes following CUS, we believe age-specific parameters are needed when analyzing 

within-age effects of CUS. While using the same testing parameters across ages works for 

some tests (e.g. OF or safety learning), it may produce scale attenuation effects for other 

tests (e.g. marble burying and NSF) and occlude within-age effects. For example, extending 

marble burying time for adults risks hitting a ceiling effect, whereas reducing marble 

burying time for adolescents risks no marbles being buried. In future research, different 

considerations may be necessary for across-age comparisons.

Additionally, individual differences may exist in the efficacy of different tones to serve as a 

conditioned inhibitor. Tone frequency had no impact on dynamics of safety learning or 

safety cue usage between CUS and control mice (an analysis conducted to rule out the 

possibility of perceptual impacts of pre-adolescent CUS exposure for responding to the two 

auditory frequencies used to designate either fear or safety cues, data separated by frequency 

not shown). However, collapsing across groups, freezing was higher during the compound 

cue, though not the fear or safety cue, in mice trained with a 2.9 kHz fear cue relative to 

mice trained with a 12.5 kHz fear cue. Future work should examine the specific parameters 

that determine the relative success of a safety signal to facilitate fear regulation.

As a final, but important note, our study was conducted entirely in males, but marked sex 

differences exist in the maturational trajectories of fear circuitry [55]. Others have begun to 

examine how stress might differentially impact female and male fear and anxiety behavior 

(e.g., [43], [71]). Therefore, additional research in this area that considers sex as well as the 

impact of stress at different ages (i.e., early life stress) [72]-[75] will be highly informative 

for understanding and treating anxiety disorders across the lifespan.

5. Conclusion

In all, the present study confirms that early life adversity has immediate and enduring effects 

on behavior and highlights the importance of considering age and previous experience when 

investigating affective learning and behavior. Our findings in adults provide insight into the 

utility of safety signals for adult fear regulation. While safety signals can be an effective 

means to inhibit fear for some adults, those with a history of stress exposure may require 

additional safety signal training or pharmacological aids to overcome persistent fear. In a 

surprising contrast, despite increases in anxiety-like behavior, adolescents with a history of 

stress are adept at using safety signals to inhibit fear. As a method for directly inhibiting 

fear, safety signals have gained traction in recent years and will likely continue to make 

waves for their potential value in augmenting conventional treatments for anxiety. Adding to 

this foundation, our findings highlight great initial promise for the efficacy of using safety 

signals and leveraging processes of conditioned inhibition for adolescent populations that 

exhibit otherwise limited fear regulation.
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Figure 1. Safety signals attenuate fear and retard new fear learning in adolescent and adult mice.
Average percentage of time spent freezing during fear and safety cues across discriminative 

conditioning sessions in adult (a, e, left) and adolescent (c, g, left) mice. Average percentage 

of time spent freezing during conditioning chamber acclimation (i.e., contextual fear) across 

discriminative conditioning sessions in adult (a, e, right) and adolescent (c, g, right) mice. 

Average percentage of time spent freezing during fear, safety compound, novel compound, 

safety, and novel cues during the summation test session in adult (b) and adolescent (d) 

mice. Average percentage of time spent freezing relative to discriminative conditioning 

during shock-paired presentations of the safety cue or corresponding yoked cue during the 

retardation test in adult (f) and adolescent (h) mice. Summation (a-d) n = 12 adult/13 

adolescent; Retardation (e-h) n = 10 adult safety/9 adult stimulus/12 adult naive, 12 
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adolescent safety/14 adolescent stimulus/12 adolescent naive. DC1-4 = discriminative 

conditioning sessions 1-4. Multifactor ANOVA with Bonferroni corrected post-hoc test. 

Error bars represent the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. Experimental design for CUS-related studies.
Schematic of the experimental schedule for the four groups: adolescent anxiety, adolescent 

safety, adult anxiety, and adult safety (a). Schematic of the chronic unpredictable stress 

(CUS) paradigm used (b). CUS was administered for seven days from PND22 to PND28. 

The first day of stress was always 1-hour rotation, cage tilt, and lights on overnight. For days 

2-6, an assortment of three different stressors described in Section 2.3 were used. The final 

stress exposure on day 7 was always 1-hour restraint stress plus white noise, which ended 24 

hours before any behavior was initiated. On PND29, cages of control or CUS mice were 

assigned to undergo either anxiety testing (open field (OF), elevated plus maze (EPM), 

marble burying, and novelty-suppressed feeding (NSF)) or safety learning protocols, during 

either adolescence or adulthood. DC1-4 = discriminative conditioning sessions 1-4.
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Figure 3. Pre-adolescent stress reduces adolescent weight and increases adolescent anxiety-like 
behaviors.
Weights from all mice that underwent adolescent behavior (a) (N = 24 control/25 CUS). 

Results from Open Field (OF) (b), Elevated Plus Maze (EPM) (c), marble burying (d), and 

Novelty Suppressed Feeding (NSF) tests (e, primary analysis and f, secondary analysis). OF, 

EPM, marble: n = 9 control/10 CUS; NSF: n = 9 control/10 CUS for primary analysis and 7 

control/8 CUS for secondary analysis). CUS = chronic unpredictable stress. Multifactor 

ANOVA with Bonferroni corrected post-hoc test (a), unpaired, two-tailed t-tests (b-d), and 

Kaplan-Meier survival analysis with Mantel-Cox log-rank test (e-f). Error bars represent the 

mean ± SEM. *p < 0.05.***p < 0.001.
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Figure 4. Pre-adolescent stress does not impact adolescent safety learning or conditioned 
inhibition.
Average percentage of time spent freezing during fear and safety cues across discriminative 

conditioning sessions (a, left). Average percentage of time spent freezing during 

conditioning chamber acclimation (i.e., contextual fear) across discriminative conditioning 

sessions (a, right). Average percentage of time spent freezing during fear, compound, and 

safety cues during the test session (b). n = 15 control/15 CUS. CUS = chronic unpredictable 

stress. DC1-4 = discriminative conditioning sessions 1-4. Multifactor ANOVA with 

Bonferroni corrected post-hoc test (a, b) and planned comparisons to establish day of 

significant discrimination (a, left) and relative stimulus-induced freezing (b). Error bars 

represent the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 5. Pre-adolescent stress reduces adult weight and leads to mild increases in adult anxiety-
like behaviors.
Weights from all mice that underwent adult behavior (a) (N = 21/group). Results from Open 

Field (OF) (b), Elevated Plus Maze (EPM) (c), marble burying (d), and Novelty Suppressed 

Feeding (NSF) tests (e, primary analysis and f, secondary analysis). OF, n = 8 control/9 

CUS; EPM and marble, n = 9 control/9 CUS; NSF, n = 9 control/9 CUS for primary analysis 

and 6 control/8 CUS for secondary analysis. CUS = chronic unpredictable stress. Multifactor 

ANOVA with Bonferroni corrected post-hoc test (a), unpaired, two-tailed t-tests (b-d), and 

Kaplan-Meier survival analysis with Mantel-Cox log-rank test (e-f). Error bars represent the 

mean ± SEM. *p < 0.05, ***p < 0.001.
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Figure 6. Pre-adolescent stress delays safety learning and disrupts adult conditioned inhibition.
Average percentage of time spent freezing during fear and safety cues across discriminative 

conditioning sessions (a, left). Average percentage of time spent freezing during 

conditioning chamber acclimation (i.e., contextual fear) across discriminative conditioning 

sessions (a, right). Average percentage of time spent freezing during fear, compound, and 

safety cues during the test session (b). n = 12 control/12 CUS. CUS = chronic unpredictable 

stress. DC1-4 = discriminative conditioning sessions 1-4. Multifactor ANOVA with 

Bonferroni corrected post-hoc test (a, b) and planned comparisons to establish day of 

significant discrimination (a, left) and relative stimulus-induced freezing (b). Error bars 

represent the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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