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Abstract

In modern 24 h society, circadian disruption is pervasive, arising from night shift work, air 

travel across multiple time zones, irregular sleep schedules, and exposure to artificial light at 

night. Disruption of the circadian system is associated with many adverse health consequences, 

including mood disorders. Here we investigate whether inducing circadian misalignment using 

a phase advance protocol interferes with the ability to cope with a stressor, thereby increasing 

susceptibility to the negative consequences of stress. Male rats were maintained on a standard 

12:12 light: dark (LD) cycle or subjected to a chronic phase advance (CPA) protocol involving 4 

weekly 6 h phase shifts (earlier light onset) of the LD cycle. Rats were then exposed to escapable 

stress (ES), inescapable stress (IS), or no stress (home cage control; HC) and performance on 

juvenile social exploration and active escape learning in the two-way shuttlebox test was assessed 

24 h and 48 h following stress, respectively. CPA alone had no effect on pre-stress juvenile social 

exploration, and it also did not interfere with the protective effect of ES on the stress-induced 

reduction in juvenile social exploration. In contrast, CPA impaired escape learning in the two-way 

shuttlebox to the same extent as IS in all subjects, regardless of stress history. Additionally, CPA 

produced somatic alterations that included increased body mass, increased epididymal adiposity, 

and decreased adrenal mass. These data indicate that CPA differentially modulated the stress-

protective effects of behavioral control depending on the type of affective behavior examined.
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1. Introduction

Mammalian physiology and behavior are temporally organized across the 24 h day. Daily 

rhythms are coordinated by the circadian system, which is comprised of a hierarchy of 

biological clocks present throughout the brain and body. The master clock, located in the 

suprachiasmatic nucleus (SCN) of the anterior hypothalamus, receives light information 

from specialized cells in the retina and communicates with subordinate clocks via neural 

and humoral routes [1]. A key feature of the circadian system is its ability to adapt to 

abrupt environmental changes (i.e. phase shifts). However, short-term misalignment between 

internal physiology and external time (termed ‘jet lag’) can induce transient symptoms of 

fatigue, impaired cognition, gastro-intestinal distress, and diminished mood [2]. Moreover, 

mounting epidemiological evidence suggests that chronic circadian disruption, as with 

shift work, is linked to long-term health consequences, including increased risk of cancer, 

metabolic syndrome, cardiovascular disease, infertility, and mood disorders [3].

There is a significant body of research linking the circadian system to mood disturbances. 

Mood disorders are associated with alterations in daily rhythms such as the sleep-wake 

cycle, body temperature, neurotransmitter release, and hormone levels [4]. For example, 

many depressed patients exhibit blunted cortisol rhythm amplitude and a shift in peak 

nocturnal cortisol secretion [5]. Furthermore, chronobiological interventions such as bright 

light therapy can rapidly, albeit temporarily, improve depressive symptoms [6]. However, it 

is unclear whether these circadian abnormalities are causal or simply symptomatic of mood 

disorders. In support of a causative relationship, genetic and environmental manipulations 

of the circadian system are associated with changes in affective behavior in rodent models. 

For example, mice with a mutation in core circadian regulatory gene circadian locomotor 

output cycles kaput (CLOCK) display mania-like behaviors [7]. Furthermore, exposure to 

disruptive light: dark (LD) cycles is associated with increases in depressive-like responses 

in both diurnal and nocturnal rodents [8–10]. Additionally, mice entrained to a shortened 

20-h LD cycle exhibit morphological changes in prefrontal cortical neurons [11], a region 

important for emotional control.

Importantly, roughly 15–20% of the labor force in industrialized countries participates in 

evening or rotating shift work [12]. Non-traditional work schedules interfere with normal 

circadian function by way of mistimed meals, exposure to light at night, and forced activity 

during the rest period. Interestingly, there is a greater prevalence of mood disorders such 

as major depressive disorder (MDD) in shift workers during and following their shift 

work employment, and risk increases as a function of employment duration [13,14]. This 

suggests that circadian misalignment and/or disruption might make individuals more prone 

to alterations in mood.

Shift workers report high levels of psychological stress [15], and stress is a major risk factor 

for the development of MDD [16]. One active coping mechanism that mitigates stressor 
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outcomes is the degree to which an individual can exert behavioral control over aspects 

of the stressor (e.g. onset/offset, duration, pattern). Behavioral control is studied in rodents 

using a triadic design. One subject is able to terminate each of a series of electrical tail 

shocks by turning a wheel located on the front wall of the chamber (escapable stress, 

ES), while a yoked partner passively receives the same duration of tail shocks (inescapable 

stress, IS); turning the wheel has no consequence for the IS subject. A third subject is 

left undisturbed in the home cage and serves as a non-stressed control (HC). Exposure to 

IS produces behavioral sequelae indicative of an anxiety and depression-like phenotype, 

including enhanced fear, increased drug taking, reduced social interest, and poor escape 

learning [17]. In contrast, these effects are absent in ES subjects and prior ES can even 

buffer against subsequent uncontrollable stressors [18].

Taken together, this evidence led us to hypothesize that circadian misalignment might 

interfere with the ability to cope with a stressor and thereby increase susceptibility to the 

negative consequences of stress. To test this question, we exposed rats to a chronic phase 

advance (CPA) protocol in which the LD cycle was shifted by 6 h (earlier light onset) once 

per week for four consecutive weeks. Rats were then exposed to ES, IS, or no stress (HC), 

and behavior was assessed on the juvenile social exploration and active escape learning 

tasks, 24 and 48 h after stressor exposure (Fig. 1).

2. Methods and materials

2.1. Animals

Subjects were male Sprague-Dawley rats (Envigo, Indianapolis, IN) weighing 200–225 g 

upon arrival. Rats were pair-housed in poly-carbonate cages (47 × 23 × 20 cm) in light-, 

temperature-, and humidity-controlled colony rooms. Food and water were available ad 
libitum, except during stress procedures and behavioral testing. All experimental procedures 

were conducted in accordance with the University of Colorado’s Institutional Animal Care 

and Use Committee.

2.2. Experimental design

Rats were entrained to a standard 12:12 h light: dark (LD) cycle with lights on at 0700 

[Zeitgeber time (ZT0)]. Control rats were maintained on the LD cycle while half of the 

subjects were subjected to a chronic phase advance (CPA) protocol (described in Section 

2.3). 24 h prior to the first phase shift, all rats were evaluated for baseline juvenile social 

exploration (Section 2.5). 24 h after the final phase shift, all rats were evaluated for post-

CPA juvenile social exploration. 48 h later the final phase shift, all rats then underwent 

ES, IS, or HC treatment (Section 2.4) during the first half of the light phase. All rats were 

then evaluated for post-stress juvenile social exploration and escape learning in the two-way 

shuttlebox task (Section 2.6), 24 and 48 h respectively. Behavioral testing also occurred 

during the first half of the light phase (Fig. 1).

2.3. Chronic phase advance protocol

The chronic phase advance (CPA) protocol was as described previously [19]. Briefly, rats 

were subjected to a 6 h phase advance of the LD cycle once every 7 d for 4 consecutive 
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shifts. Each shift was achieved by shortening the previous dark period. Cage changes were 

performed between ZT2-4 for both groups. Shifted subjects were returned to the same LD 

cycle as control subjects during stress procedures and behavioral testing.

2.4. Escapable and inescapable stress procedures

Rats received escapable stress (ES), inescapable stress (IS), or remained undisturbed in their 

home cage (HC). ES and IS rats were restrained in a Plexiglas box (14 × 11 × 17 cm) 

with a wheel mounted to the front and an acrylic rod extending from the rear. Rats were 

secured in the box by taping the tail to a rod. Electrical shocks were administered to the 

tail via copper electrodes (spaced approximately 2.5 cm apart) and delivered by a Precision 

Animal Shocker (Coulbourn Instruments, Whitehall, PA, USA). The session consisted of 

100 trials of tail shock (33 × 1.0 mA, 33 × 1.3 mA, and 34 × 1.6 mA) presented on a 

variable schedule with a 60 s average inter-trial interval. ES and IS subjects were yoked 

such that tail shock was terminated for both subjects when the ES subject completed the 

appropriate wheel turn (i.e. escape) response requirement. The initial response requirement 

was a single quarter wheel turn. The response requirement increased by one quarter wheel 

turn when each of three consecutive trials was met in < 5 s. Subsequent latencies under 5 

s increased the requirement by 50% to a maximum of four wheel turns. If the requirement 

was not achieved in < 30 s, the tail shock was terminated and the requirement was reset to 

a single quarter wheel turn. This protocol is used to ensure that the ES subject acquires an 

operant response. The wheel was fixed for the IS subject. Thus, yoked subjects receive the 

same number, intensity, and duration of tail shocks. Subjects were returned to the colony 

immediately following the stress procedure.

2.5. Juvenile social exploration test

The juvenile social exploration test was conducted as described previously [20]. Briefly, 

rats were acclimated to a novel cage for 60 min before the test. A 28 ± 3 day-old 

juvenile conspecific was introduced to the cage. Social exploratory behaviors (sniffing, 

pinning, allogrooming, and following) initiated by the experimental rat were timed by an 

observer blind to experimental conditions. After 3 min, the juvenile was removed and the 

experimental rat was returned to its home cage. Juveniles were used for multiple tests but 

were never used more than once for the same experimental rat.

2.6. Shuttlebox escape test

The shuttlebox escape test was conducted as described previously [21], but without testing 

for shock-elicited freezing. Briefly, rats were placed into a two-way shuttlebox (Coulbourn 

Instruments, Whitehall, PA) and after a 5 min acclimation period, rats received 5 trials in 

which a single cross of the shuttlebox (FR-1) terminated an ongoing 0.8 mA scrambled 

foot shock. These were followed by 25 trials in which two crossings of the shuttle box 

were required to terminate foot shock (FR-2). Trials terminated automatically if the required 

response had not occurred by 30 s. Crossings were determined by infrared photo switches 

and latency to escape foot shocks were computed by Graphic State 3.0 software (Coulbourn 

Instruments, Whitehall, PA).
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2.7. Statistical analyses

The study utilized a 2 × 3 factorial design. Experiment 2 utilized an unpaired between 

groups design. Comparisons for behavior analyses were conducted using an independent t-

test, two-way analysis of variance (ANOVA), and repeated measures ANOVA with Fisher’s 

LSD post hoc. The significance level was set a p < 0.05. Data are shown as mean ± standard 

error of the mean (SEM). Scores that were ± 2 standard deviations away from the group 

mean were deemed outliers and excluded from statistical analysis. All analyses and graphs 

were created using GraphPad Prism (v. 4, GraphPad Software, La Jolla, CA) except for 

repeated measures ANOVA, which was performed using Statview (v. 5, SAS Institute, Cary, 

NC). Two rats were injured during the stress procedure and therefore excluded from further 

testing.

3. Results

3.1. Somatic measures

In rodents, exposure to non 24-h LD cycles, constant light, and dim light at night (dLAN) 

can all induce somatic alterations [22]. Average body mass was comparable among all 

groups at the beginning of the study (p < 0.05). However, CPA rats gained significantly more 

weight than did rats housed in a standard LD cycle prior to stress (t56 = 3.429, p < 0.01, 

Fig. 2A). Furthermore, there were significant effects of LD cycle and stress treatment on 

paired epididymal adipose mass (LD cycle: F (1, 50) = 7.485, p < 0.01 and stress: F (2, 50)= 

6.919, p < 0.01; Fig. 2B) and paired adrenal mass (LD cycle: F (1, 50) = 4.774, p < 0.05 

and stress treatment: F (2, 50)= 3.488, p < 0.05; Fig. 2C). Post hoc analyses revealed that 

CPA increased adiposity and reduced adrenal mass, whereas stress decreased adiposity and 

increased adrenal mass.

3.2. Acquisition of behavioral control

CPA did not interfere with operant responding during ES. CPA rats learned the controlling 

escape response at a rate equivalent to rats maintained in a standard LD cycle (p > 0.05, 

Fig. 3A). Furthermore, there was no difference in the number of trials to reach maximum 

response criterion (16 quarter turns of the wheel) between groups (p > 0.05, Fig. 3B) and 

there was no difference in the number of non-contingent (error) responses between groups (p 
> 0.05, data not shown).

3.3. Juvenile social exploration

CPA had no effect on juvenile social exploration prior to stress (p > 0.05, Fig. 4A). As 

expected, ES rats housed in a standard LD cycle were protected from the typical IS-induced 

reduction in social investigation [F (2,46) = 12.53, p < 0.0001]. However, CPA did not 

interfere with the protective effect of ES on juvenile social exploration (p > 0.05, Fig. 4B).

3.4. Two-way shuttlebox escape

There was an interaction between light cycle and stress on active escape learning [F (1,36) 

= 5.144, p > 0.05]. As expected, ES rats housed in a standard LD cycle were protected from 

the typical IS-induced increase in escape latencies during FR-2 trials in the shuttlebox. 
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However, CPA increased escape latencies in HC during FR-2 trials compared to rats 

housed in a standard LD cycle (Fig. 5). That is, CPA itself produced failure to learn to 

escape in the shuttlebox. These data suggest that CPA selectively interferes with shuttlebox 

FR-2 contingency learning but not shuttlebox FR-1 contingency learning or the controlling 

(wheel-turn) response during ES training.

4. Discussion

Stress is a major predisposing factor in the etiology of mood disorders; however, there 

are large individual differences in the outcome of stressor exposure. Therefore, it is 

valuable to investigate environmental factors that may contribute to stress susceptibility. 

In recent decades, the widespread use of electrical lighting has coincided with an 

increasing prevalence of MDD [23]. Exposure to unnatural and mis-timed light sources 

is commonplace in modern 24-h society. Shift workers, in particular, are at a high risk 

for mood disorders [24]. Thus, the present study evaluated whether inducing circadian 

misalignment: (1) interferes with a known stress-protective factor, behavioral control, and 

(2) increases susceptibility to the behavioral consequences that are produced by stress.

First, we determined whether circadian misalignment altered propensity to engage in a 

social encounter 24 h following stress. The juvenile social exploration test provides an 

ethologically relevant measure of anxiety in rodents [25]. CPA had no effect on social 

exploratory behavior prior to stress. In contrast, Reijmers and colleagues [26] showed that 

a single 6 h phase advance reduced overall social exploration time in rats, but did not 

impair the ability to discriminate between conspecifics (i.e. social discrimination). In that 

study, however, behavioral testing occurred 9 h after the phase shift [26], whereas in the 

present study, testing occurred 24 h following the last of four weekly phase shifts. This 

suggests that the effect of circadian misalignment on social behavior may be dependent on 

the number of phase shifts and proximity of testing. Furthermore, it is possible that social 

behavior is not under circadian control as Reijmers and colleagues (2001) also demonstrated 

that social behavior did not fluctuate across the LD cycle in non-shifted rats [26]. IS, but 

not ES, reliably produces a significant reduction (~30%) in social exploration for a number 

of days [20,27,28]. In the present study, as expected, ES subjects housed in a standard 

LD cycle were protected from the IS-induced reduction in juvenile social exploration 24 h 

following stress. However, contrary to our hypothesis, prior CPA did not interfere with the 

stress-buffering effects of ES on this measure; ES and HC rats that underwent CPA spent 

equivalent amounts of time engaged with the juvenile conspecific. This finding suggests 

that the protection provided by stressor controllability on social exploratory behavior is 

quite robust, as CPA did not reduce it. We next determined whether circadian disruption 

altered subsequent escape performance in the two-way shuttlebox task 48 h following stress. 

Typically, prior IS, but not ES, results in increased latency to escape foot shock specifically 

during FR-2 trials [29]. In the present study, CPA itself produced an escape deficit in all 

subjects, regardless of stress history, such that they were indistinguishable from standard LD 

cycle subjects that received prior IS. However, CPA also did not increase escape latencies 

above IS, which could reflect a ceiling effect in the shuttlebox task. This finding is similar 

to that of Landgraf et al. [30] in which SCN-selective knockdown of core clock gene, 

Bmal1, increased escape latencies and number of escape failures in the shuttlebox test in 
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non-stressed mice. Thus, both environmental and genetic models of circadian disruption 

can, even in the absence of stress, produce an escape-learning deficit. However, the present 

results also indicate that CPA does not impair all forms of escape learning, given that 

rats exposed to CPA were able to rapidly and reliably learn the controlling (wheel-turn) 

response during ES training, and were also able to learn the FR-1 task during the initial 

phase of shuttlebox training. Instead, it appears that CPA impairs the more difficult learning 

component of the shuttlebox task. This result is similar to the effect of IS on shuttlebox 

performance; rats exposed to IS are able to learn the initial shuttlebox FR-1 contingency 

but show profound deficits in FR-2 contingency learning. Maier and colleagues [29] have 

suggested that rats acquire FR-1 contingencies reflexively, whereas FR-2 contingencies are 

acquired via a more instrumental goal-directed process. In support, average escape latencies 

on the very first shuttlebox FR-1 trial, before any prior learning, are typically less than 2 s 

(here the average escape latency for trial 1 in CPA-HC rats was 1.51 s). In contrast, the FR-2 

contingency is not even learned at all without prior FR-1 training [29]. Thus, more complex 

learning tasks may be especially susceptible to circadian disruption.

One major limitation of the present study is that we did not assess the endogenous biological 

time (circadian time, CT) of CPA rats. In mice, rhythmic expression of light-inducible 

clock genes (e.g. Per1/2) resets rapidly (within one cycle) following a single 6 h phase 

advance in the SCN, whereas expression in peripheral tissues is gradual [31]. Furthermore, 

overt behavioral rhythms such as locomotor activity can take at least 7 days to re-entrain 

following a single 6 h phase advance [32]. However, there is some evidence that the 

rate of re-entrainment accelerates following repeated phase shifts of the LD cycle [33]. 

Interestingly, Castanon-Cervantes showed that mice subjected to an identical CPA protocol 

were re-synchronized by day six following the final phase shift [34]. However, earlier time 

points were not evaluated in this study and so it is unclear exactly how long it takes the 

circadian system to establish a stable phase relationship to the LD cycle following CPA. 

Here the post-stress juvenile social exploration and shuttlebox tests occurred 72 and 96 

h after the final phase shift, respectively. Thus, it is likely that CPA rats were not fully 

re-entrained to the new LD cycle at the time of behavioral testing. Importantly, behavioral 

tests were conducted at approximately the same ZT for all rats (i.e. during the first half 

of the light phase), and order was counterbalanced to minimize potential time of day 

effects. As mentioned above, there does not appear to be diurnal variation in baseline social 

exploratory behavior [33]. However, to the best of our knowledge, there are no studies that 

have examined whether escape performance in the shuttlebox varies across the LD cycle.

Another limitation to the present study is that we cannot conclude whether our results are 

due to acute circadian misalignment caused by the final phase shift or to the chronic nature 

of repeated shifts (CPA). This is an important consideration because acute and repeated 

manipulations of the LD cycle can produce very different outcomes. For example, mice 

subjected to CPA exhibit an exaggerated inflammatory response to an immune challenge, 

whereas mice subjected to a single 6 h phase shift exhibit a similar response to non-shifted 

controls [34]. Furthermore, a history of circadian disruption can modulate the effects of 

acute circadian misalignment. For example, prior exposure to 4 weekly alternating phase 

advances and delays reverses impaired recall of a conditioned fear memory caused by a 

single 6 h phase advance [35]. Thus, future work should aim to evaluate the impact of acute 
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circadian misalignment versus chronic circadian disruption on the stress-protective effects of 

behavioral control.

Circadian misalignment likely influences mood related behavior through systems that are 

downstream of the SCN which have well-established roles in mood regulation [36]. The 

SCN has limited direct neural connections and therefore must employ other routes (e.g. 

humoral) to communicate timing information to extra-SCN clocks. Glucocorticoids serve 

as an important entrainment factor for some extra-SCN clocks [37], and can modulate the 

resetting kinetics in response to phase shifts in a tissue-dependent manner [38]. Additionally, 

light can influence mood through non-circadian mechanisms as clock genes have pleiotropic 

functions [39]. Thus, one explanation for the selective effect of CPA on shuttlebox escape 

performance but not social exploratory behavior is that CPA differentially affected clock 

function in brain circuits that serve as the proximate effectors of these behaviors. Indeed, 

the IS-induced reduction in juvenile social exploration is mediated, at least in part, by 

5-hydroxytryptamine 2C (5-HT2C) receptors in the basolateral amygdala [27], whereas 

IS-induced shuttlebox impairments are mediated by 5-HT2C receptors in the dorsal striatum 

[40]. Thus, it is likely that IS and CPA-induced shuttlebox impairments are driven by 

independent mechanisms.

A growing body of research strongly implicates disruption of the circadian system with 

metabolic dysregulation and obesity [22]. Therefore, we also assessed metabolic factors 

including weight, epididymal adiposity, and adrenal mass. CPA rats exhibited increased 

body mass, increased epididymal fat pad mass (an index of overall adiposity), and reduced 

adrenal mass compared to standard LD cycle rats. These findings are in agreement with 

previous work by Selgado-Delgado and colleagues (2010) that showed that rats exposed to a 

chronic shiftwork protocol also exhibited greater body mass and adiposity than non-shifted 

controls, an effect that was driven by a shift in food consumption to the inactive phase, and 

not by overall increased food intake [41].

It should be noted that the CPA protocol used in rodent studies might be less disruptive 

than circadian disruption that is typically experienced by humans. For example, most shift 

workers have familial and social obligations that prevent them from fully entraining to the 

LD cycle dictated by their work schedule (termed ‘social jet lag’). In contrast, in mice, CPA 

does not produce a deficit in total sleep or forced activity during the light (inactive) phase 

[34] as is the case with shift workers. Future studies should consider this limitation of the 

CPA protocol and assess the effects of other types of circadian disruption on behavioral 

control.

5. Conclusions

Overall, these findings indicate that an environmental model of circadian misalignment 

produces impairment of a type of escape learning that is also reliably impaired by prior 

uncontrollable stress. However, this type of circadian misalignment does not interfere with at 

least one of the protective outcomes normally conferred by behavioral control.
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Fig. 1. 
Experimental design. Upon arrival, rats were housed in a standard LD cycle for 10 days 

before experimentation. On Day 10, rats were evaluated on a baseline juvenile social 

exploration (JSE) test. On Day 12, half of the rats were subjected to a chronic phase advance 

(CPA) protocol, which consisted of 4 weekly 6 h phase advances of the LD cycle (2nd shift 

= Day 18, 3rd shift = Day 25, 4th shift = Day 32), * represents the new ZT following each 

shift. On Day 33, rats were evaluated on another JSE test. On Day 34, rats were exposed 

to 100 trials of ES, IS, or HC. 24 and 48 h following stress, rats were evaluated on a JSE 

and shuttlebox tests, respectively, to determine whether chronic circadian disruption would 

prevent learned stressor resistance.
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Fig. 2. 
Chronic circadian disruption and stress induced somatic alterations. (A) CPA rats gained 

significantly more weight than rats housed on a standard LD cycle rats prior to stress, p > 

0.01. (B) CPA rats exhibited significantly greater epididymal adipose tissue post mortem. 

(C) CPA rats also exhibited greater adrenal mass. Each bar represents the mean ± SEM, # 

represents a simple main effect of LD cycle, † represents a simple main effect of stress, p < 

0.05 unless otherwise indicated.
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Fig. 3. 
Chronic circadian disruption does not interfere with the acquisition of behavioral control. 

(A) Response latencies across all trials were equivalent between control LD cycle and CPA 

rats that received ES. (B) Similarly, the number of trials to reach FR-16 was also equivalent 

between groups. Each circle or bar represents the mean ± SEM, p < 0.05 unless otherwise 

indicated.
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Fig. 4. 
Chronic circadian disruption does not interfere with protective effects of behavioral control 

on juvenile social exploration. CPA had no effect on social exploration time (expressed as 

% of baseline). ES prevented the stress-induced reduction in social interaction. Each bar 

represents the mean ± SEM, p < 0.05 unless otherwise indicated.
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Fig. 5. 
Chronic circadian disruption interferes with active escape learning in the shuttlebox. (A) 

Escape latencies were equivalent between HC and ES groups maintained on a standard LD 

cycle. Escape latencies for CPA groups were similar indicating that CPA impaired active 

escape learning. Each block is comprised of 5 trials; block 1 represents FR-1 responses and 

blocks 2–6 represent subsequent FR-2 responses. Each circle represents the mean ± SEM, p 

< 0.05 unless otherwise indicated.
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