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Abstract 

Stress-related illnesses such as major depressive and anxiety disorders are characterized by 

maladaptive physiological or behavioral responses to stressful life event. Chronic stress-based 

animal models have provided critical insight to a better understanding of these responses.  

However, currently available behavioral assays measuring chronic stress-induced phenotype in 

mice are limited in their design (short, not repeatable, subject to experimenter-bias) and are 

often inconsistent. Using the Noldus PhenoTyper apparatus, we developed a new tool to 

repeatedly assess behavioral changes induced by chronic stress exposure in two mouse 

models i.e. chronic restraint stress (CRS) and chronic unpredictable mild stress (UCMS). The 

PhenoTyper test consists on monitoring in home-cage setting the overnight animals’ behavior 

before, during and after a 1hr light challenge is applied over the food zone. After, 

characterization of the test, we compared the reproducibility and reliability of the PhenoTyper 

test in assessing the effects of chronic stress exposure, with commonly-used tests such as the 

elevated plus maze, open-field, novelty suppressed feeding and novelty-induced hypophagia. 

We found that while stress mice display heterogeneous profiles in these tests, CRS- and 

UCMS-exposed mice showed a very consistent response in the PhenoTyper test. Indeed, CRS 

and UCMS mice continue avoiding the lit zone in favor of the shelter zone. This behavior, or 

residual avoidance after the light challenge, lasted for hours beyond termination of the 

challenge, was not observed after acute stress and was consistently found throughout the 

chronic stress exposure in both models. Chronic stress-induced residual avoidance in the 

shelter was alleviated by chronic imipramine treatment but not acute diazepam administration. 

This new tool should be instrumental in design of longitudinal studies aiming to better 

understanding the trajectory of chronic stress-induced deficits in animal models and potentially 

screen novel anxiolytic and antidepressant treatments.  
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1. Introduction 

Depression is among the most debilitating disorders in the world (Friedrich, 2017) and 

commonly co-occurs with anxiety disorders (Hirschfeld, 2001). The proportion of the global 

population living with depression and anxiety recently reached 4.4% and 3.6%, respectively 

(WHO, 2017) with ~85-90% of diagnosed patients suffering from both conditions (Tiller, 2013). 

Human studies have been useful to identify biological deficits associated with these disorders, 

and since the early 1980’s, great progress has been made in elucidating pathological 

mechanisms and exploring new avenues for therapeutic interventions through using animal 

models (Katz and Hersh, 1981, Katz et al., 1981Cryan and Sweeney, 2011).  

The most popular rodent models employ exposure to chronic stress to study the 

psychopathology of mood disorders including depression (Vyas et al., 2004, Chiba et al., 2012, 

Eiland and McEwen, 2012, Willner, 2017a). The unpredictable chronic mild stress (UCMS) 

model has strong face and construct validities for modeling in rodents behavioral dimensions 

relevant to human stress-related illnesses(Willner, 1997, 2017a). Similarly, chronic restraint 

stress (CRS) or immobilisation stress paradigms are often used to study morphological, cellular, 

and molecular mechanisms of stress-related disorders, including changes in neuronal spine 

density, cell signaling, or neurotransmitter systems that parallel human cellular pathologies 

associated with major depressive disorders (McEwen and Magarinos, 1997, Radley et al., 2006, 

Qiao et al., 2016). Several lasting behavioral and physiological changes have been reported in 

animals exposed to UCMS and CRS, as well as other models such as social defeat stress 

(Nestler et al., 2002). For instance, past studies demonstrate that exposing mice or rats to 

chronic stress paradigms leads to persistent cognitive deficits (Sandi, 2004), helplessness- 

(Strekalova et al., 2006), anhedonia- (Strekalova et al., 2006), and anxiety-like (Piantadosi et 

al., 2016) behaviors; however, these findings have been criticized for being difficult to replicate 

(Cryan and Sweeney, 2011, Willner, 2017b, a, Castanheira et al., 2018, Ferreira et al., 2018). 

Recently, one survey of 71 experimenters employing UCMS paradigms found that 21% 
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experienced difficulties replicating expected results (Willner, 2017b). The lack of reliability, or 

the inability to induce expected phenotypes, is often attributed to individual variability (e.g., 

strain, sex, or rearing conditions) or non-optimal methods for assessing chronic stress-induced 

phenotypes. Nevertheless, some responsibility for this lack of reproducibility can be attributed to 

the behavioral tests used. A vast majority of behavioral tests employed to study the effects of 

chronic stress measure anxiety-like behaviors, and were primarily designed to detect anxiolytic 

and antidepressant drug efficacy in non-stress animals (Dawson and Tricklebank, 1995, Reneric 

and Lucki, 1998, Lucki et al., 2001). These tests are also limited by protocol variability within 

and across labs, experimenter bias, and the requirement for novelty precluding repetitive 

measurement over chronic time courses.  

There are currently >15 different assays regularly employed to assess anxiety-like behavior and 

adapted to investigate the effects of chronic stress in rodents (Ohl, 2005), with most being 

relatively short (5-30 minutes) and highly susceptible to varying experimental conditions. 

Indeed, most commonly-used behavioral tests employ approach-avoidance paradigms (Bailey 

and Crawley, 2009) that rely on conflict between animals’ innate exploratory drive and their 

aversion to a threatening environment (Rodgers, 1997). Understandably, repetitive testing of 

these assays is often unsuccessful due to losing the essential novelty component as animals 

habituate to environmental conditions across sessions. Because of this, these behavioral tests 

are limited in their ability to provide a time-dependent trajectory of phenotype development, 

maintenance, or reversal that can be of primary importance in studying chronic stress.  

For a better understanding of the dynamic progression of behavioral deficits induced by chronic 

stress, it is necessary to develop experimenter-free, repeatable, reliable, and effective tests 

measuring chronic stress-induced behavior in rodents. Here, we first aimed to demonstrate the 

limitations of commonly-used tests using two paradigms in mice, UCMS and CRS. Then, we set 

out to demonstrate the usefulness of the PhenoTyper test, a new tool designed to assess 

chronic stress-induced behavioral emotionality repetitively, reliably, and with minimal 
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experimenter bias, based on the animal’s activity in response to an aversive challenge in a 

home-cage like setting. Finally, we validated this test following the four requirements 

established by McKinney and Bunney (1969). Specifically, we demonstrated face, construct, 

and predictive validities by accurately measuring between-group differences for control/UCMS 

and control/CRS mice, as well as reversal with anxiolytic or antidepressant treatment. We 

further demonstrated reproducibility of our test both within (weekly characterization) and across 

experiments. In parallel, we also showed the ability of the test to assess chronic stress and 

antidepressant treatment behavioral trajectories. 

2. Material and Methods 

2.1. Animals:  

Eight-week old C57B6 mice (Jackson Laboratory, Bar Harbor, Maine, USA; 50%♀) were 

housed under normal conditions with a 12hr light/dark cycle and provided with ad libitum access 

to food and water. All animals were kept for 1-2 weeks in the facility before the start of the 

experiments for habituation. Experimenters were blind to treatment group assignments during 

behavioral testing. All procedures followed guidelines set by the Canadian Council on Animal 

Care (CCAC). Six mouse cohorts were used in this study. One cohort was used to assess 

baseline behavior and light challenge response in the PhenoTyper apparatus (n=12/group, 50% 

females). The second experiment measured the effects of acute restraint stress (ARS) in this 

test (n=8/group, 50% females). Experiment 3 and 4 tested the effects of CRS and UCMS 

respectively and the last two mouse cohorts were used to assess the efficacy of acute 

diazepam (anxiolytic) or chronic imipramine (antidepressant) treatment in CRS animals. 

2.1.1. Unpredictable chronic stress (UCMS):  

Mice were subjected to randomized stressors (3-4/day) for 5 weeks (Nikolova et al., 2018). 

These stressors included: forced bath (~2cm of water in the cage for 15min), wet bedding, 

aversive smell (20min to 1hr exposure to fox or bobcat urine), light cycle reversal or disruption, 
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bedding exchange (rotate mice into previously occupied cages), tilted cage (45º angle), reduced 

space, restraint (50mL falcon tube with nose/tail holes for 15-30min), bedding change (replacing 

soiled with clean bedding), no bedding, or nestlet removal. Control animals were group-housed 

(~3-4/cage) to eliminate the stress of single-housing (n=12/group, 50% females). 

2.1.2. Restraint stress:   

Animals were placed into 50mL falcon tubes with nose/tail holes for air flow. ARS consists in 

one session of 1hr before testing. For CRS, restraint sessions occurred twice daily for 1hr 

during the light cycle (7:00am-7:00pm), separated by a minimum of 2hrs. CRS-exposed animals 

were single-housed throughout the stress exposure and control animals were group-housed 

(n=12/group, 50% females). One CRS female mouse died during the experiment and was 

removed from the study. 

2.1.3. Drug administration:  

After 3 weeks of CRS exposure, mice received diazepam (1.5 mg/kg i.p.) or vehicle (0.9% 

saline) (n=10-12/group, 50% females) acutely 30min before being placed in the PhenoTyper or 

NSF arenas. Tests were performed 48hrs apart. To assess if CRS effects were reversible by 

chronic antidepressant treatment, mice subjected to CRS for 3 weeks received imipramine 

(~15mg/kg in drinking water based on ~8mL/day fluid consumption) for the 3 following weeks 

while continuing CRS exposure (n=12/group, 50% females). Freshly made imipramine was 

provided every other day to prevent deterioration due light exposure or room temperature. 

Animals were tested weekly in the PhenoTyper test and once in the NSF, 48hrs after the last 

PhenoTyper test.  

2.2. Body weight and coat state:  
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Body weight and fur coat deterioration of mice were assessed weekly. Weight gain was 

calculated using baseline weights (week 0, before chronic stress exposure), and expressed in 

percentage of change. Fur coat deterioration was measured using a rating scale of 0-1, with 0 

equivalent to a well-groomed, smooth coat and 1 equivalent to a tousled or soiled coat with bald 

patches (Nollet et al., 2013). Coat quality was assessed for 7 anatomical areas (head, forepaws, 

hindpaws, back, neck, tail, and abdomen) and averaged for a single score of coat state 

deterioration per animal.  

2.3. Behavioral Tests: 

Following 5 weeks of stress exposure, mouse behavior was assessed in a series of commonly-

used tests measuring chronic stress-induced behavioral phenotype: the elevated plus maze 

(EPM), open field (OF), novelty-induced hypophagia (NIH), and novelty-suppressed feeding 

(NSF) tests. Tests were spaced 48hrs apart to minimize between-test interaction. On non-

testing days, CRS or UCMS were resumed to maintain stress-induced profiles. Tests were 

performed a minimum of 12hrs after the last stressor. 

2.3.1. EPM test:  

The EPM apparatus consist of four Plexiglas arms, where two open arms (67x7 cm) and two 

enclosed arms (67x7x17 cm) form a plus shape with similar arms facing opposite each other. 

The EPM is situated 95cm above the floor within a dimly lit room (20 lux). Mice are placed in the 

center of the intersecting arms, facing an open arm, and are allowed to explore the apparatus 

for 10min. A digital camera mounted on a rod recorded animal behavior from above. A posteriori 

measurement of time spent and the number of entries into open and closed arms is performed 

using ANYmaze (Stoelting Co.™, Wood Dale, IL, USA). 

  

2.3.2. OF test:  
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The OF apparatus consists of a 50x50cm chamber that each mouse explores freely for 10min. 

Time spent and total entries into the center of the arena (digitally defined 20x20cm zone in the 

center of the apparatus) were measured. A digital camera mounted on a rod recorded animal 

behavior from above. A posteriori measurements were performed using ANYmaze.  

2.3.3. NSF test:  

Following ~16hrs food deprivation, mice are placed in a novel arena (62 x 31cm dimly lit 

enclosure) containing a single food pellet. Latency to feed on the pellet is measured for a 12min 

period. To control for appetite drive and/or food deprivation-induced weight loss, latency to feed 

was measured in the animal’s home cage following the novel environment test for a maximum 

of 6min.   

2.3.4. NIH test:  

Mice are habituated to a palatable liquid (1mL of 1:3 sweetened condensed milk in water) in a 

sterilized Petri dish for 3 consecutive days. On the following 2 days, mice are timed for their milk 

approach and drinking latency across 2 test sessions. The first session occurs in the home cage 

under normal light conditions and serves as a control for potential treatment effects on appetite 

or activity. Home cage latency to consume the milk from the Petri dish is recorded. 24hrs later, 

the subsequent test session occurs in a similar but new cage and under bright lighting (500-600 

lux). Latency to consume measured during the second test (novel environment) is used as an 

index of hyponeophagia. Tests sessions occur over a maximum duration of 10mins.  

2.3.5. PhenoTyper™ test:  

The Noldus™ PhenoTyper apparatus (Leesburg, VA, USA) is a commercially-available 

observation cage designed for video-tracking of regular mouse behavior over extended periods 

using the Noldus EthoVision 10 software. The apparatus contains an integrated infrared 
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sensitive camera that tracks activity and time spent by the animal in customizable zones. We 

established two designated zones, a food zone (6.5x15 cm) and a shelter zone (10x10cm), and 

tracked the animals’ location throughout the dark cycle (19:00-07:00). The apparatus also 

contains a white LED spotlight placed above the food zone, a feature that we employed to test 

whether animals would alter normal behavior in response to the application of an aversive “light 

challenge”. Specifically, we set the spotlight to turn on 4hrs into the dark cycle for a 1hr period 

(11:00pm-12:00am). This time-window was strategically chosen for being within a naturally high 

plateau for time spent in the food zone by the animal. For chronic stress studies, the 

PhenoTyper test was performed weekly on days 0, 7, 14, 21, 28, and 36.  For all experiments, 

food and shelter zone time was measured in 1hr bins.  

Based on the time spent in food and shelter zones after the light challenge, an index of 

avoidance was calculated as a function of the control group’s response to the light challenge. 

This calculation was named Residual Avoidance (RA) and considers the difference between the 

animals’  response during the light challenge and the sum of time spent avoiding the lit zone for 

the following 5hrs. The 5hrs cut-off was chosen to cover the time window of potential lasting 

response to the light challenge but exclude the last 3hrs of the dark cycle when animal’s time 

spent in shelter or food zones plateau to the maximum and minimum, respectively. RA was 

calculated for each mouse as followed:  

In the food zone: 

[1-(Σ Time(12am-5am) – Time(11pm-12am))/ Average control group (Σ Time (12am-5am) - Time(11pm- 12am))] * 

100 

In the shelter zone: 

[(Σ Time(12am-5am) – Time(11pm-12am))/ Average control group (Σ Time (12am-5am) - Time(11pm- 12am))-1] * 

100 
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Residual avoidance provides information about how animals react after the light challenge, 

relative to the designated control group. Control group animals have a mean RA=0, while 

positive RA means that animal display avoidance for either food or shelter zones from the zone 

light challenge.  

2.4. Statistics: 

Statistical analyses were performed using Statview software (SAS Institute Inc., Cary, NC, 

USA). Student’s t-test was used to determine statistical differences between groups for 

commonly-used behavioral tests. Repeated-measures ANCOVA (analysis of covariance) was 

used for within- and between-subject evaluation of behavioral changes in the PhenoTyper test, 

and for time course analysis of longitudinal assessments including weight gain, coat state, or 

weekly RA. Sex was included as a covariate for all analyses. Stress and drug effects were 

assessed using repeated measures ANCOVA for RA data and two-way ANCOVA for NSF data.  

Significant results were followed-up with post-hoc Fisher’s test. In addition, summary scores 

capturing behavioral emotionality dimensionally across groups were generated using principal 

component analysis (PCA) on 16 major behavioral variables collected throughout the last week 

of testing. Variables included all key behavioral parameters from commonly-used tests, as well 

as before and during challenge food and shelter times and RAs for both zones. For longitudinal 

measures, the PCA included the last readout only. All sets of variables were submitted to PCA 

with a varimax rotation based on a correlation matrix with mice as one experimental unit. Two-

way ANCOVA and post-hoc analysis was used to determine stress and sex contributions to the 

first 3 components. For results interpretation, individual variable loadings onto each of the newly 

derived components was examined and loadings >0.4 were considered significant. PCA and 

follow up analysis was performed using SPSS software (IBSM SPSS statistic 24). 
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3.Results  

3.1. Commonly-used behavior tests assessing chronic stress-induced behaviors 

revealed heterogeneous profiles between tests and models  

Mice were exposed to CRS (Figure 1 A-F) or UCMS (Figure 1 G-L) for 5 weeks before 

behavioral assessment using the EPM, OF, NSF, and NIH. Coat state and weight gain were 

assessed before and throughout stress exposure. 

3.1.1. CRS:  

Repeated-measures ANCOVA of coat state scores revealed a significant main effect of CRS 

(F(1;105)=15.76; p<0.001), time (F(5;105)=14.09; p<0.0001) and a stress*time interaction 

(F(5;105)=10.5; p<0.0001) (Fig. 1A). Post-hoc analysis identified a significant increase in coat 

state deterioration induced by CRS exposure from week 1 to week 5 (all p<0.05). A significantly 

sex difference was found, wherein an exacerbated effect of CRS exposure was detected in 

males compared to females (F(1;95)=97.64; p<0.0001) between weeks 2 and 5 (p<0.001; Fig. 

S1).  

In the same cohort, the analysis of weight gain showed a significant effect of CRS 

(F(1;105)=12.04; p<0.01), time (F(5;105)=15.61; p<0.0001) and a stress*time interaction (F(5;105)=7.9; 

p<0.0001). A significant decrease was found in weight gain induced by CRS exposure from 

weeks 1 to 5 (p<0.05, Fig. 1B). When sex was considered as a covariate, a significant effect 

was found, showing exacerbated effects of CRS exposure on weight gain in CRS-exposed 

males compared to females (F(1;95)=18.78; p<0.001), and compared to control mice starting 

weeks 2 to 5 of CRS exposure (p<0.05; Fig.S1). 

In the OF test (Fig. 1C), neither the percentage of time in the center, nor the number of 

entries in the center (Fig. 1B) revealed effects of CRS. In the EPM test (Fig.1D), mice exposed 

to CRS displayed a non-significant change in the percent of time spent and entries in open 

arms. Lastly, NSF and NIH tests did not detect significant differences in the latency to feed or 

drink, respectively, in home cage or novel environments (Fig. 1E-F). Covariate analysis for sex 
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revealed no main effects or interaction with stress in the EPM and NSF. In the OF test, an 

interaction was found (F(1;19)=5.79; p<0.05) wherein females showed greater entries in the 

center than males at baseline (p<0.05), and decreased entries in the center following CRS 

(p<0.05). In the NIH test, ANCOVA revealed a significant main effect of sex (F(1;19)=4.95; 

p<0.05), wherein post hoc analysis identified greater latency to drink in females than males 

(p=0.04;  Fig. S1).  

3.1.2. UCMS:  

Repeated measures ANCOVA of coat state degradation revealed a significant main 

effect of stress (F(1;110)=14.134; p<0.01), time (F(5;110)=15.808; p<0.0001) and a  stress*time 

interaction F(5;110)=10.7; p<0.0001). Post hoc analysis identified significantly increased coat state 

deterioration in UCMS-exposed mice from weeks 3 to 5 (p<0.01, Fig.1G). Considering sex as a 

covariate revealed a significant effect of sex (F(5;100)=13.9; p<0.001), wherein coat state 

deterioration was greater in UCMS males compared to females at weeks 2, 4 and 5 (p<0.05; 

Fig. S2). for the analysisof weight gain showed a significant main effect of stress (F(1;110)=23.8; 

p<0.0001), time (F(5;110)=24.5; p<0.0001) and a stress*time interaction (F(5;110)=20.16; p<0.0001). 

A significantly decreased weight gain was found among UCMS mice compared to control mice, 

from weeks 2 to 5 (p<0.01, Fig.1H). Sex was not a significant covariate on this measure.  

The same cohort was then tested in the OF test (Fig. 1I). Statistical analysis revealed an 

effect of UCMS exposure, characterized by decreased percent of time spent in the center zone 

(p<0.001) and a trend towards decreased number of entries into this zone (p=0.07). In the EPM 

time spent in open arms and percentage of open arm crosses was not significantly modified by 

stress (Fig. 1J). In the NSF test UCMS exposure induced a significant increase in latency to 

feed in the novel arena (p<0.05; Fig. 1K). However, UCMS induced a decreased latency to 

consume milk in the NIH (p<0.01; Fig. 1L). Home cage latency to drink or feed was unchanged. 

Sex was a not a significant covariate in the OF, EPM and NIH. In the NSF, we found a 
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significant sex*stress interaction (F(1;18)=4.6; p<0.05). Post hoc analysis revealed increased 

latency to feed in UCMS females compared to UCMS males (p=0.02, Fig. S3). 

 

3.2.Baseline behavior and light challenge response in the PhenoTyper test  

The PhenoTyper apparatus was used to monitor food and shelter zones time of male 

and female mice throughout the dark-cycle. One male mouse showed intermittent missing data 

during tracking acquisition and was excluded from the study. At baseline, repeated measures 

ANCOVA revealed a significant sex effect on food zone time (F1,252 = 4.19; p<0.05). However, 

post hoc analysis revealed significant differences only for the 4th hour of the dark cycle (p<0.01, 

Fig. 2A). No significant effect of sex was found forshelter zone time (Fig. 2B). It is interesting to 

mention that qualitatively, mice spent spend equal amounts of time in the food and shelter 

zones during the first 6 hours of the night, but more time in the shelter zone during the last 6 

hours of the night.  

One week after baseline monitoring, mice were placed in the PhenoTyper again and we 

assessed responses to an acute light challenge applied from 11:00pm-12:00am for half of the 

animals (n=12/group randomly assigned) (Fig. 2C-D). The analysis of food zone time revealed 

a significant  time*“light condition” interaction (F(1;252) =1.971; p<0.05). The 1h light challenge 

significantly decreased the food zone time during this time point (p<0.05, Fig. 2C). ANCOVA 

also revealed a significant time* “light condition” interaction, wherein the light challenge induced 

a significant increase in shelter zone time when the light was on, compared to the behavior of 

animals not experiencing the light challenge (p<0.001, Fig. 2D). No main effect of sex or 

sex*stress interaction was found when sex was considered as a covariate. 

 

3.3.ARS does not alter baseline behavior and light challenge response in the PhenoTyper 

test 
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In a separate cohort, we tested the behavioral response to a 1 hour acute restraint 

stress performed immediately before placing the animal in the PhenoTyper apparatus (Fig. 2E-

F). Analysis of the food (Fig. 2E) and shelter time (Fig. 2F) did not reveal differences between 

groups or a time*stress interaction (F(1;128)=1.18 p>0.29 and F(1;168)=0.94 p>0.34, respectively), 

suggesting that ARS animals behaved in this test in a similar manner to control mice at 

baseline, during or following the light challenge. No sex difference was found. 

 

3.4. Characterization of the trajectory of behavioral changes induced by chronic stress in 

the PhenoTyper test  

3.4.1 Effects of CRS: 

Repeated measures ANCOVA revealed a significant effect of CRS exposure after 1 week of 

CRS (Fig. 3A; F(1;252) = 9.49; p< 0.01) that was consistent for every following week (week 2, 

F(1;252) = 35.09; p<0.0001, Fig. 3B; week 3, F(1;252) = 19.9; p<0.001, Fig. 3C; week 4, F(1;252) = 

35.56; p<0.0001, Fig. 3D; week 5, F(1;252) = 20.92; p<0.001,Fig. 3E). CRS-exposed mice spent 

more time in the shelter zone at several time points between 24:00 and 4:00 (following the light 

challenge) for every week of testing (Fig. 3). A similar analysis performed on  food zone time 

revealed  stress*time interactions at week 1 (F(1;252)=2.29; p<0.01), week 2 (F(1;252 =1.7; p<0.05), 

week 3 (F(1;252)=2.9; p<0.001), week 4 (F(1;252) = 2.6; p<0.01) and week 5 (F(1;252) = 2.8; p<0.001) 

(Fig. S3). CRS-exposed mice spent more time in the food zone at several time points between 

24:00 and 4:00 (following the light challenge) for every week of testing (Fig. S3). No main effect 

of sex or sex*stress interaction were found. 

 

3.4.2. Effects of UCMS: 

Repeated measures ANCOVA revealed a significant effect of UCMS exposure after 1 week of 

UCMS (F(1;264) = 10.172; p<0.0001) that was consistent for every following week (week 2, F(1;264) 

= 10.790; p<0.0001; week 3, F(1;264) = 16.34; p<0.001; week 4, F(1;264) = 6.569; p<0.05; week 5, 
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F(1;264) = 12.608; p<0.01) in the shelter zone. UMCS-exposed mice spent more time in the 

shelter zone at several time points following the light challenge (between 24:00 and 4:00) for 

every week of testing. Mirror results were found in the food zone, where a significant effect of 

UCMS was observed in week 1(F(1;264) = 4.624; p<0.05), week 2 (F(1;264) = 11.546; p<0.01), week 

3 (F(1;264) = 6.771; p<0.05), week 4 (F(1;264) = 5.833; p<0.05) and week 5 (F(1;264) = 8.413; p<0.01). 

 No main effect of sex or sex*stress interaction was found. 

  
 

3.4.3. Residual avoidance (RA) provides a summary readout of CRS- and UCMS-induced 

behavioral deficits in the PhenoTyper test : 

Interestingly, the most striking differences between control and chronic stress-exposed groups 

were not found at baseline or during the light challenge, but in the hours following the light 

challenge. Chronic stress-exposed mice continued to hide in the shelter zone after the 

challenge and did not return to control group levels until later in the monitoring period. To 

establish a method for analyzing and presenting these post-challenge differences, we 

developed the “Residual Avoidance” (RA) calculation. RA illustrates the difference in shelter 

time post-challenge between chronic stress-exposed and control mice for each week (Fig. 3F). 

Repeated measures ANCOVA revealed a significant effect of stress exposure (F(1,84)=49.31; 

p<0.0001). Post hoc analysis revealed increased RA among CRS mice for each week (all 

p>.0.001). Sex was not a significant covariate.Mirror results were obtained when RA 

calculations were applied to food zone time.  Analysis of food zone RA revealed a significant 

effect of stress exposure (F(1;84)=16.5; p<0.001). Here, RA was significantly increased after 1, 4, 

and 5 weeks of CRS (p<0.01, Fig. S3) with no sex differences on this measure.  

Analysis of shelter zone RA in the UCMS model provided similar results, as summarized in 

Fig.3G. A significant effect of UCMS exposure (F1;88=15.5; p<0.001) was found without sex or 

stress*sex interaction. UCMS induced a significant increase in RA at 2 weeks (p<0.01) and for 
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every subsequent week of testing (p<0.05). Similar analysis of food zone RA revealed a 

significant main effect of stress-exposure (F1;88=6.8; p<0.05) with no main effect of sex or 

stress*sex interaction. Analysis identified a significant increase in RA for UCMS-exposed mice 

at the 4 week time point (p<0.05, Fig. S3).  

 

3.4.4. Chronic stress exposure, and its interaction with sex, account for the majority of 

variance across 16 behavioral test parameters 

We employed dimension reduction via principal component analysis (PCA) to identify the main 

factors contributing to the variance among behavioral tests employed in each of the 

abovementioned experiments, and to determine if PhenoTyper parameters such as RA belong 

to similar categorical dimensions as anxiety parameters measured with commonly-used tests. 

PCA of 16 behavioral parameters indicated 2 components capturing 25.5% (PC1) and 21.2% 

(PC2) of behavioral variance across CRS and control groups (Fig. S4). PC1 had the strongest 

loadings (>0.4) from anxiety/weight gain-related variables in individual tests and weaker (<0.4) 

notsignificant loadings from variables such as fur coat deterioration, home cage latency to feed 

or drink, or PhenoTyper pre-challenge behavior (Table 1). ANCOVA revealed that CRS-

exposed mice had significantly higher PC1 scores compared to controls (F(1;19)=22.5; p<0.0001; 

Fig. 4A) with no main effect of, or interaction with, sex (Fig. S4). PC2 captured variance from 

the majority of the commonly-used tests employed as well as that from home cage feeding or 

drinking, and fur coat deterioration. ANCOVA of PC2 scores revealed significant main effects of 

stress (F(1;19)=12.4; p=0.002), sex (F(1;19)=10.0; p=0.005) and a stress*sex interaction 

(F(1;19)=10.0; p<0.01, Fig. 4A and S4), wherein CRS males had significantly lower PC2 scores 

than CRS females. Our results demonstrated that animals with higher PC1 scores had greater 

elevations in behavioral emotionality across dimensions and groups, whereas PC2 scores 

differentiated the influence of sex for CRS groups (Fig. 4A). 
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PCA was also performed on data collected from the UCMS cohort. In this case, PCA of 16 

variables indicated 2 components capturing 27.3% (PC1) and 17.4% (PC2) of behavioral 

variance across UCMS and control groups (Fig. S4). ANCOVA of PC1 scores revealed 

significant main effects of stress (F(1;20)=53.1; p<0.0001), sex (F(1;20)=16.1; p<0.001) and a 

stress*sex interaction F(1;19)=16.1; p<0.001, Fig. 4B). No effects of stress, sex, or and stress*sex 

interaction were found for PC2 scores (Fig. S4). Our results indicate that animals with lower 

PC1 scores had greater behavioral emotionality across dimensions and groups, wherein UCMS 

female mice displayed lower PC1 scores than UCMS males and control animals (Fig. 4B).  

In both experiments there were other components with eigenvalue >1, which were, however, 

independent of sex and/or stress (Fig. S4) and probably capture variance from other sources. 

Finally, in both studies, shelter zone RA loaded strongly on PC1, that captured the behavioral 

variance attributed to chronic stress, along with the variables that measured 

approach/avoidance conflict or aversion in the commonly-used tests, such as the entries and 

times in the center in the OF or the latency to feed in the NSF (Table1). 

 

3.5. CRS-induced increases in residual avoidance are reversed by treatment with chronic 

imipramine, but not acute diazepam. 

A separate cohort of mice was added to identify the effects of DZP in control and CRS 

conditions (Figure 4A-B). Analysis of shelter zone time revealed a significant main effect of 

stress (F(1;504)=12.76; p<0.001), no main effect of drug treatment (F(1;504)=0.15; p=0.69), and an 

interaction between stress*drug conditions (F(1;504)=7.5; p=0.008). However, post hoc analysis 

revealed that CRS mice spent significantly more time in the shelter zone regardless of drug 

treatment (p<0.05). Despite a significant stress*drug interaction, no significant differences were 

identified at particular time points between control or CRS mouse group receiving vehicle or 

DZP. However, RA analysis revealed a significant main effect of stress (F(1;42)=26.29; p<0.0001) 

and its interaction with drug treatment (F(1;42)=4.3; p=0.04), wherein post hoc analysis showed 
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decreased RA in control animals receiving DZP (p=0.02, Fig. 5A). We further confirmed 

increased RA among CRS mice (p=0.0035) and found no significant differences between CRS 

animals treated with vehicle or DZP (p=0.5). No significant effect of sex was found.  

To determine if DZP could reverse CRS effects in another test, mice then were tested in the 

NSF (Fig. 5C). Two-way ANCOVA revealed significant main effects of stress (F(1;48)=24.7; 

p<0.001) and drug treatment (F(1;48)=7,1; p<0.05), but no stress*drug interaction. DZP had no 

effects on control animals, but significantly reduced latency to feed in CRS animals (p<0.05). 

Consideration of sex as covariate revealed a main effect of stress (F(1;44)=13.6; p<0.001) and a 

stress*sex interaction (F(1;44)=3.3; p<0.001), but no effect of drug*stress*sex interaction for 

latency to feed, reflecting a general increase in latency to feed being greater among CRS 

females compared to males.   

Finally, after 1-week washout and continued stress exposure, CRS animals were administered 

with a higher dose of DZP and re-tested in the PhenoTyper test. At a higher dose (3 mg/kg, i.p.), 

DZP again failed to reverse CRS-induced behavioral alterations (data not shown). We also 

assessed the effects of DZP (1.5 mg/kg, i.p) 30mins before the light challenge and found no 

effects of this regimen in CRS animals (data not shown). 

In an additional cohort, we replicated the effects of CRS on RA throughout 6 weeks of stress 

exposure (F(1;220)=72.7; p<0.0001), and assessed the effects of chronic imipramine treatment 

starting on day 21. We found a significant stress*drug (F(1;220)=5.4; p=0.023) and 

stress*drug*time interactions (F(5;220)=3.25; p=0.007) on RA. There was no significant effects of 

imipramine at week 3 (after 1 day of treatment) or at week 4 (after 1 week of treatment) in 

control or CRS mice (p>0.05, Fig. 5D). However, a significant difference between vehicle- and 

imipramine-treated CRS mice was identified on weeks 5 and 6 (after 2 and 3 weeks of 

treatment, respectively; p<0.01, Fig. 5D and E). No significant effect of sex was found. 

48 hours later mice were tested in the NSF test. ANCOVA revealed a significant main effect of 

drug (F(1;44)=4.5; p<0.05), and a stress*drug interaction (F(1;44)=4.4; p<0.05). Chronic imipramine 
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had no effect in non-stress animals, but significantly reduced latency to feed in CRS animals 

(p<0.05, Fig.5F). Analysis of sex as a covariate revealed a significant main effect (F(1;44)=14.7; 

p<0.001), a stress*drug interaction (F(1;44)=7.8; p<0.01), and a drug*stress*sex interaction 

(F(1;44)=8.8; p<0.01) on latency to feed. These changes were driven by an overall greater 

increase in latency to feed following CRS and decreases following imipramine in females 

compared to males.   
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Discussion 

Our findings confirmed that mice subjected to UCMS or CRS displayed clear responses to 

chronic stress exposure on longitudinal physical readouts such as weight gain and coat state 

deterioration. However, when tested under similar experimental conditions, commonly-used 

tests assessing chronic stress-induced behavioral deficits such as the EPM, OF, NSF, and NIH 

show highly heterogeneous results between tests and stress models. Here, we designed a 

novel method for assessing normal exploratory behavior, response to a light challenge in a 

home cage-like setting, and residual avoidance following the light challenge, called the 

PhenoTyper test, based on many other tests named after their cognate apparatus. Mice 

subjected to UCMS or CRS showed a common response after the light challenge i.e. continued 

avoidance of the lit zone in favor of a shelter zone, lasting for hours beyond termination of the 

challenge. This “residual avoidance” (RA) after the light challenge was replicated across the 4 

experiments performed in this study using 2 stress models and including both males and 

females. In addition, chronic stress-induced elevations in RA were detected rapidly, following 

the first/second week of UCMS or CRS exposure, and lasted throughout the experiments. RA 

was not altered by acute restraint stress, but was reduced by acute DZP in control conditions. 

Chronic treatment with imipramine for 2-3 weeks, but not acute treatment with DZP or 

imipramine, was sufficient to reverse CRS-induced RA. Altogether, our findings demonstrate 

that shelter RA is a highly consistent readout for chronic stress-induced “emotional reactivity” 

that responds to chronic antidepressant treatment. 

The main objectives of the current study were: 1) to develop an experimenter-free, repeatable, 

behavioral test that would consistently detect the effects of chronic stress, 2) to compare chronic 

stress-induced behavioral changes among the most widely-used tests with those measured by 

the PhenoTyper test, 3) to determine whether the PhenoTyper test could identify similar profiles 

of elevated behavioral emotionality between two well-documented chronic stress models and, 4) 

to investigate the effects of an anxiolytic and an antidepressant in this test.  
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In designing experiments, generally researchers choose a chronic stress model and one (or 

a few) test(s) that produce consistent results under lab-specific conditions. This approach has 

proven its usefulness, since previous work reports increased behavioral emotionality following 

chronic stress, including studies from our lab (Edgar et al., 2011, Soumier and Sibille, 2014, Lin 

and Sibille, 2015, Nikolova et al., 2018). However, here we demonstrate that UCMS or CRS 

procedures, while clearly effective (i.e. robust effects on coat state and weight gain 

assessments) induced highly variable effects across multiple behavioral tests, even after 5 

weeks of stress exposure. In accordance with published and unpublished data around the 

world, we demonstrated inconsistent results arguing against (or in favor of, depending on the 

reasoning) the idea that having multiple tests assessing the same phenotype is the best 

strategy (Ramos, 2008). This lack of reliability is often blamed on issues with chronic stress 

models, mouse strain, and/or sex differences, and rarely attributed to the tests used because of 

their inherent “simplicity” (e.g. OF). In addition, this lack of consistency is common when 

working with mice, whereas rats show greater reliability across experiments and tests (Willner, 

2005, Nollet et al., 2013).  

Standard tools are also relatively short (Ohl, 2005), providing a snapshot of the animal’s 

behavior and are highly sensitive to experimenter-bias with regards to how animals are handled 

before and during testing. Indeed, given that each previous time a mouse from the stress group 

was handled a stressor was applied, animals may naturally develop a rapid and transitory 

experimenter-induced hyperlocomotor activity. Since most commonly-used tests are short and 

highly dependent on exploratory drive, more often than not animals subjected to CRS and 

UCMS may display a greater number of entries in open arms of the EPM or in center zone of 

the OF, results usually interpreted as decreased anxiety-like behavior. In addition, it is not 

uncommon to find (as illustrated in this study) that the same UCMS animals display opposite 

phenotypes in very similar tests such as the NSF and NIH. In these cases, drawing conclusions 
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about the impact of chronic stress from these tests can be extremely difficult. Since chronic 

stress-induced behavioral effects are expressed heterogeneously, recent studies have 

employed z-emotionality scores (averaging z-normalized scores across multiple tests) as an 

attempt to improve consistency and reliability between tests and to establish a type of 

quantitative scale for rodent emotionality (Guilloux et al., 2012); loosely comparable to the 

Hamilton anxiety or depression scales used in humans (DSM-V). 

Here, we designed the PhenoTyper test based on the rationale that a longer automatized 

test in a home-cage-like setting would address the aforementioned caveats and provide a more 

reliable readout of anxiety-like behavior throughout and following chronic stress exposure. This 

home cage-like setting also offers the unique advantage of being non-reliant on novelty, 

therefore allowing repetitive testing (Aarts et al., 2015). This test shares several features with 

light/dark box tests (e.g., using light as stressor to measure avoidance behavior), with the added 

benefit of monitoring animal behavior for a relatively extended period of time (overnight), and 

before, during and after the stressor experience (the light challenge). We previously used the 

PhenoTyper test to assess the UCMS effects longitudinally in BalbC male mice (Nikolova et al., 

2018) and as a single readout in male and female C57B6 mice (Maluach et al., 2017). In BalbC 

mice, we found increased shelter zone time before, during, and after the light challenge 

(Nikolova et al., 2018) and in C57B6 mice, a reduction in shelter zone time after the light 

(Maluach et al., 2017). Here, the weekly monitoring of C57B6 mice revealed no major effects of 

either chronic stress model at baseline (i.e. before the light challenge), and a variable increased 

response during the light challenge exhibited some weeks and not others. We believe that this 

non-systematic effect of CRS or UCMS during the challenge is akin to findings one may see in 

commonly-used tests, and is likely due to the inherent difficulty of reliably capturing differences 

during a short testing period. Further testing would be required to determine if a longer light 

challenge may improve consistency of readouts for both UCMS and CRS models during the 

challenge.   
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Importantly, we demonstrated that UCMS and CRS induced consistent effects on RA in C57B6 

mice. This finding was replicated using the UCMS model in parallel experiments with BalbC 

mice (data not shown), and by analysing the RA of animals from our previous two studies 

(Maluach et al., 2017, Nikolova et al., 2018). The fact that this deficit was found using both 

models and both strains and lasted throughout stress exposure, but was not observed after an 

acute stressor, suggests that it is highly specific to chronic stress. The underlying cause of this 

maladaptive inability to resume normal behavior, induced by chronic stress, is open to 

speculation. It is clear that a rapid response to an aversive stimulus helps organisms avoid 

potential threat or harm, but the ability to flexibly adapt to changing environments after the 

stress response is crucial for the capacity to recover from a challenge or stressor (Feder et al., 

2009, McEwen et al., 2015). In this context, RA could be a readout for excessive stress 

generalisation, which when maladaptive can lead to fear responses that are too strong or occur 

in inappropriate situations. One could also interpret increased RA as enhanced freezing, 

decreased exploration, and disengagement of the animal towards its environment which would 

seem related to human neuropsychiatric symptoms such as psychomotor retardation or loss of 

interest in usual activities, such as food consumption or exploration (i.e., anhedonia). This 

decrease in the pursuit of rewarding activity due to inappropriate fear is a cardinal feature of 

anxiety disorders (Luyten et al., 2011, Lissek, 2012, Dunsmoor and Paz, 2015), and found in 

other stress-related illness, such as post-traumatic stress and major depressive disorders 

(DSMV, REF).  

DZP and imipramine were used to test the predictive validity of RA as an anxiety measure. 

Indeed, DZP reduced RA in control conditions, suggesting that RA reflects a component of 

anxiety-like behavior. The principal component analysis suggests an anxiety-related dimension 

shared with other stress sensitive-parameters that measured approach/avoidance conflict or at 

the very least, a different but stress-related construct. Nevertheless, DZP had no effect on CRS 

mice for RA, but was efficacious in the NSF. Although this may appear to contradict the 
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interpretation of RA as readout of anxiety-like behavior, it is important to mention that differential 

effects of acute DZP can be similarly observed in other tests. The closest reported examples 

would be that DZP has lower efficacy in light/dark-related tests while showing clear anxiolytic-

like effects in the EPM when tested in the same animals at the same dose (Kshama et al., 1990, 

Rodgers and Shepherd, 1993, Santucci et al., 1994, Rodgers and Johnson, 1995). One could 

also suggest that differential DZP effects in the PhenoTyper test and NSF may reflect different 

anxiety-like states/endophenotypes measured by the two tests; one that responds acutely to 

DZP and the other which may require longer treatment with DZP or that responds to a different 

class of drugs. Reversal of chronic stress-induced RA by long-term imipramine treatment 

supports the later hypothesis. Indeed, imipramine is often described as a better option than 

benzodiazepines for the treatment of generalized anxiety in clinical settings (Huh et al., 2011). It 

is also possible that RA encompasses an additional dimension independent of anxiety such as 

loss of interest, helplessness, or anhedonia, which are classically more sensitive to 

antidepressant treatment (Willner, 2005, Valentine et al., 2008, Frisbee et al., 2015). This would 

explain why treatment with imipramine, but not DZP, reversed chronic stress-induced RA. 

However, further experiments using other classes and regiments of antidepressants or 

anxiolytics would be needed to validate either hypothesis.  

Finally, while we included sex as a biological variable in all experiments, our studies were not 

designed to examine sex differences and may be underpowered to identify meaningful changes. 

We confirmed that weight gain and coat state are primary readouts differentially affected by sex 

in response to stress (Nollet et al., 2013, Stanley et al., 2014, Piantadosi et al., 2016, Moench 

and Wellman, 2017). Yet, overall, our results confirm similar effects in males and females on 

behavioral emotionality following CRS or UCMS. The stress and sex interaction found in the 

PCA mainly illustrates a greater variability in the response to chronic stress in females vs. 

males. Such variability is frequently documented and can be attributed to factors such as 

oestrus cycle, level of stress susceptibility, or the dimension being measured by each test (e.g., 
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consumption, exploratory, conflict, or social) (Seney and Sibille, 2014, Diaz et al., 2016, Lam et 

al., 2018).  

Given the necessity and usefulness of rodent behavioral models, it is evident that better 

behavioral readouts are needed to detect changes to animals’ regular behavior. Here, we 

developed and validated an assay that detects replicable and repeatable residual avoidance 

deficits after a light challenge following chronic stress exposure. This new tool will be 

instrumental to pinpoint the chain of events leading to expression of behavioral deficits 

associated with chronic stress and chronic anxiety, and to potentially screen novel anxiolytic 

and antidepressant treatments.   

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 4, 2019. ; https://doi.org/10.1101/414029doi: bioRxiv preprint 

https://doi.org/10.1101/414029


References  

Aarts E, Maroteaux G, Loos M, Koopmans B, Kovacevic J, Smit AB, Verhage M, Sluis S, Neuro BMPC 

(2015) The light spot test: Measuring anxiety in mice in an automated home-cage environment. 

Behavioural brain research 294:123-130. 

Bailey KR, Crawley JN (2009) Anxiety-Related Behaviors in Mice. In: Methods of Behavior Analysis in 

Neuroscience (nd and Buccafusco, J. J., eds) Boca Raton (FL). 

Chiba S, Numakawa T, Ninomiya M, Richards MC, Wakabayashi C, Kunugi H (2012) Chronic restraint 

stress causes anxiety- and depression-like behaviors, downregulates glucocorticoid receptor 

expression, and attenuates glutamate release induced by brain-derived neurotrophic factor in 

the prefrontal cortex. Progress in neuro-psychopharmacology & biological psychiatry 39:112-

119. 

Cryan JF, Sweeney FF (2011) The age of anxiety: role of animal models of anxiolytic action in drug 

discovery. British journal of pharmacology 164:1129-1161. 

Dawson GR, Tricklebank MD (1995) Use of the elevated plus maze in the search for novel anxiolytic 

agents. Trends in pharmacological sciences 16:33-36. 

Diaz MR, Mooney SM, Varlinskaya EI (2016) Acute prenatal exposure to ethanol on gestational day 12 

elicits opposing deficits in social behaviors and anxiety-like behaviors in Sprague Dawley rats. 

Behavioural brain research 310:11-19. 

Dunsmoor JE, Paz R (2015) Fear Generalization and Anxiety: Behavioral and Neural Mechanisms. Biol 

Psychiatry 78:336-343. 

Edgar NM, Touma C, Palme R, Sibille E (2011) Resilient emotionality and molecular compensation in 

mice lacking the oligodendrocyte-specific gene Cnp1. Translational psychiatry 1:e42. 

Eiland L, McEwen BS (2012) Early life stress followed by subsequent adult chronic stress potentiates 

anxiety and blunts hippocampal structural remodeling. Hippocampus 22:82-91. 

Feder A, Nestler EJ, Charney DS (2009) Psychobiology and molecular genetics of resilience. Nature 

reviews 10:446-457. 

Friedrich MJ (2017) Depression Is the Leading Cause of Disability Around the World. Jama 317:1517. 

Frisbee JC, Brooks SD, Stanley SC, d'Audiffret AC (2015) An Unpredictable Chronic Mild Stress Protocol 

for Instigating Depressive Symptoms, Behavioral Changes and Negative Health Outcomes in 

Rodents. Journal of visualized experiments : JoVE. 

Guilloux JP, Douillard-Guilloux G, Kota R, Wang X, Gardier AM, Martinowich K, Tseng GC, Lewis DA, 

Sibille E (2012) Molecular evidence for BDNF- and GABA-related dysfunctions in the amygdala of 

female subjects with major depression. Molecular psychiatry 17:1130-1142. 

Hirschfeld RM (2001) The Comorbidity of Major Depression and Anxiety Disorders: Recognition and 

Management in Primary Care. Prim Care Companion J Clin Psychiatry 3:244-254. 

Huh J, Goebert D, Takeshita J, Lu BY, Kang M (2011) Treatment of generalized anxiety disorder: a 

comprehensive review of the literature for psychopharmacologic alternatives to newer 

antidepressants and benzodiazepines. Prim Care Companion CNS Disord 13. 

Katz RJ, Hersh S (1981) Amitriptyline and scopolamine in an animal model of depression. Neuroscience 

and biobehavioral reviews 5:265-271. 

Katz RJ, Roth KA, Carroll BJ (1981) Acute and chronic stress effects on open field activity in the rat: 

implications for a model of depression. Neuroscience and biobehavioral reviews 5:247-251. 

Kshama D, Hrishikeshavan HJ, Shanbhogue R, Munonyedi US (1990) Modulation of baseline behavior in 

rats by putative serotonergic agents in three ethoexperimental paradigms. Behavioral and 

neural biology 54:234-253. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 4, 2019. ; https://doi.org/10.1101/414029doi: bioRxiv preprint 

https://doi.org/10.1101/414029


Lam VYY, Raineki C, Takeuchi LE, Ellis L, Woodward TS, Weinberg J (2018) Chronic Stress Alters Behavior 

in the Forced Swim Test and Underlying Neural Activity in Animals Exposed to Alcohol 

Prenatally: Sex- and Time-Dependent Effects. Frontiers in behavioral neuroscience 12:42. 

Lin LC, Sibille E (2015) Somatostatin, neuronal vulnerability and behavioral emotionality. Mol Psychiatry. 

Lissek S (2012) Toward an account of clinical anxiety predicated on basic, neurally mapped mechanisms 

of Pavlovian fear-learning: the case for conditioned overgeneralization. Depression and anxiety 

29:257-263. 

Lucki I, Dalvi A, Mayorga AJ (2001) Sensitivity to the effects of pharmacologically selective 

antidepressants in different strains of mice. Psychopharmacology 155:315-322. 

Luyten L, Vansteenwegen D, van Kuyck K, Gabriels L, Nuttin B (2011) Contextual conditioning in rats as 

an animal model for generalized anxiety disorder. Cognitive, affective & behavioral neuroscience 

11:228-244. 

Maluach AM, Misquitta KA, Prevot TD, Fee C, Sibille E, Banasr M, Andreazza AC (2017) Increased 

Neuronal DNA/RNA Oxidation in the Frontal Cortex of Mice Subjected to Unpredictable Chronic 

Mild Stress. Chronic stress 1. 

McEwen BS, Gray J, Nasca C (2015) Recognizing Resilience: Learning from the Effects of Stress on the 

Brain. Neurobiology of stress 1:1-11. 

McEwen BS, Magarinos AM (1997) Stress effects on morphology and function of the hippocampus. 

Annals of the New York Academy of Sciences 821:271-284. 

McKinney WT, Jr., Bunney WE, Jr. (1969) Animal model of depression. I. Review of evidence: implications 

for research. Archives of general psychiatry 21:240-248. 

Moench KM, Wellman CL (2017) Differential dendritic remodeling in prelimbic cortex of male and 

female rats during recovery from chronic stress. Neuroscience 357:145-159. 

Nestler EJ, Gould E, Manji H, Buncan M, Duman RS, Greshenfeld HK, Hen R, Koester S, Lederhendler I, 

Meaney M, Robbins T, Winsky L, Zalcman S (2002) Preclinical models: status of basic research in 

depression. Biol Psychiatry 52:503-528. 

Nikolova YS, Misquitta KA, Rocco BR, Prevot TD, Knodt AR, Ellegood J, Voineskos AN, Lerch JP, Hariri AR, 

Sibille E, Banasr M (2018) Shifting priorities: highly conserved behavioral and brain network 

adaptations to chronic stress across species. Translational psychiatry 8:26. 

Nollet M, Le Guisquet AM, Belzung C (2013) Models of depression: unpredictable chronic mild stress in 

mice. Current protocols in pharmacology Chapter 5:Unit 5 65. 

Ohl F (2005) Animal models of anxiety. Handbook of experimental pharmacology 35-69. 

Piantadosi SC, French BJ, Poe MM, Timic T, Markovic BD, Pabba M, Seney ML, Oh H, Orser BA, Savic MM, 

Cook JM, Sibille E (2016) Sex-Dependent Anti-Stress Effect of an alpha5 Subunit Containing 

GABAA Receptor Positive Allosteric Modulator. Frontiers in pharmacology 7:446. 

Qiao H, Li MX, Xu C, Chen HB, An SC, Ma XM (2016) Dendritic Spines in Depression: What We Learned 

from Animal Models. Neural plasticity 2016:8056370. 

Radley JJ, Rocher AB, Miller M, Janssen WG, Liston C, Hof PR, McEwen BS, Morrison JH (2006) Repeated 

stress induces dendritic spine loss in the rat medial prefrontal cortex. Cereb Cortex 16:313-320. 

Ramos A (2008) Animal models of anxiety: do I need multiple tests? Trends in pharmacological sciences 

29:493-498. 

Reneric JP, Lucki I (1998) Antidepressant behavioral effects by dual inhibition of monoamine reuptake in 

the rat forced swimming test. Psychopharmacology 136:190-197. 

Rodgers RJ (1997) Animal models of 'anxiety': where next? Behavioural pharmacology 8:477-496; 

discussion 497-504. 

Rodgers RJ, Johnson NJ (1995) Factor analysis of spatiotemporal and ethological measures in the murine 

elevated plus-maze test of anxiety. Pharmacol Biochem Behav 52:297-303. 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 4, 2019. ; https://doi.org/10.1101/414029doi: bioRxiv preprint 

https://doi.org/10.1101/414029


Rodgers RJ, Shepherd JK (1993) Influence of prior maze experience on behaviour and response to 

diazepam in the elevated plus-maze and light/dark tests of anxiety in mice. Psychopharmacology 

(Berl) 113:237-242. 

Sandi C (2004) Stress, cognitive impairment and cell adhesion molecules. Nature reviews Neuroscience 

5:917-930. 

Santucci LB, Daud MM, Almeida SS, de Oliveira LM (1994) Effects of early protein malnutrition and 

environmental stimulation upon the reactivity to diazepam in two animal models of anxiety. 

Pharmacol Biochem Behav 49:393-398. 

Seney ML, Sibille E (2014) Sex differences in mood disorders: perspectives from humans and rodent 

models. Biology of sex differences 5:17. 

Soumier A, Sibille E (2014) Opposing effects of acute versus chronic blockade of frontal cortex 

somatostatin-positive inhibitory neurons on behavioral emotionality in mice. 

Neuropsychopharmacology 39:2252-2262. 

Stanley SC, Brooks SD, Butcher JT, d'Audiffret AC, Frisbee SJ, Frisbee JC (2014) Protective effect of sex on 

chronic stress- and depressive behavior-induced vascular dysfunction in BALB/cJ mice. Journal of 

applied physiology 117:959-970. 

Strekalova T, Gorenkova N, Schunk E, Dolgov O, Bartsch D (2006) Selective effects of citalopram in a 

mouse model of stress-induced anhedonia with a control for chronic stress. Behavioural 

pharmacology 17:271-287. 

Tiller JW (2013) Depression and anxiety. The Medical journal of Australia 199:S28-31. 

Valentine G, Dow A, Banasr M, Pittman B, Duman R (2008) Differential effects of chronic antidepressant 

treatment on shuttle box escape deficits induced by uncontrollable stress. Psychopharmacology 

(Berl) 200:585-596. 

Vyas A, Pillai AG, Chattarji S (2004) Recovery after chronic stress fails to reverse amygdaloid neuronal 

hypertrophy and enhanced anxiety-like behavior. Neuroscience 128:667-673. 

Willner P (1997) Validity, reliability and utility of the chronic mild stress model of depression: a 10-year 

review and evaluation. Psychopharmacology (Berl) 134:319-329. 

Willner P (2005) Chronic mild stress (CMS) revisited: consistency and behavioural-neurobiological 

concordance in the effects of CMS. Neuropsychobiology 52:90-110. 

Willner P (2017a) The chronic mild stress (CMS) model of depression: History, evaluation and usage. 

Neurobiology of stress 6:78-93. 

Willner P (2017b) Reliability of the chronic mild stress model of depression: A user survey. Neurobiology 

of stress 6:68-77. 

 

  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 4, 2019. ; https://doi.org/10.1101/414029doi: bioRxiv preprint 

https://doi.org/10.1101/414029


Figure legends  

 Figure 1: Physical and behavioral changes induced by two chronic stress paradigms.  
Mice were subjected to chronic restraint stress (CRS; A-F) or unpredictable chronic mild stress 
(UCMS; G-L). Fur quality (A,G) and wait gain (B,H) were assessed on a weekly basis, 
throughout the stress exposure. After the 5 weeks of chronic stress exposure, mice were tested in 
the open-field test (C, I) in which the time and the number of entries in the center were 
quantified. Mice were also tested in the elevated plus maze (D, J) in which the time and the 
number of crosses in the open arms were assessed. Mice were also tested in the novelty 
suppressed feeding test (E, K) and the novelty-induced hypophagia (F, L) in which the latency to 
bite a food pellet or consume the solution was measured. *p < 0.05, **p < 0.01, ***p < 0.001 
compared with controls.  
 
 

Figure 2: Hourly detection of behavioral changes in the PhenoTyper test.  
Male and female mice were placed overnight (from 7pm to 7am) in the PhenoTyper boxes. Food 
zone (A) and shelter zone (B) times were assessed every hour. The following week, the same 
mice were placed in the PhenoTyper boxes, this time with 50% of each sex exposed to a light 
challenge between 11pm and 12am over the food zone (C, D). The same parameters (time in the 
food and shelter zones) were assessed. Finally, another cohort of mice  was subjected to acute 
restraint stress (ARS) for 1hr, 1hr before being placed in the PhenoTyper boxes (E, F). A light 
challenge was applied from 11pm to 12am, over the food zone. Time spent in the food and 
shelter zone was quantified. *p < 0.05 compared to the corresponding sex, # p < 0.05, ### p < 
0.001 compared to group receiving no light.  
 

Figure 3: Chronic restraint stress induces behavioral alterations of the shelter zone time 
inthe PhenoTyper test.  
Mice were subjected to chronic restraint stress (CRS) for 5 weeks, and tested in the PhenoTyper 
test every week with a light challenge occurring between 11pm and 12am. The shelter zone time 
was assessed every week (A-E).  Using the residual avoidance (RA) calculation, each week’s 
shelter zone time was transformed into a single value resuming the trajectory of the effect of 
chronic stress exposure (F). The same calculation was applied to the shelter zone time of mice 
subjected to unpredictable chronic mild stress (UCMS; G) *p < 0.05, **p < 0.01, ***p < 0.001 
as compared with controls. 
 

Figure 4: Principal component (PC) analysis of behavioral data obtained from mice 
exposed or not to chronic stress  
Data obtained from animals subjected to chronic restraint stress (CRS) and respective control 
group tested in the elevated plus maze, open-field, novelty suppressed feeding, novelty-induced 
hypophagia and the PhenoTyper test were used for factor analysis (A). PC1 and PC2 captured 
behavioral variance of stress and sex across groups. Similar factor analysis was performed on 
data collected from mice subjected to unpredictable chronic mild stress (UCMS) and respective 
control group. PC1 captured the behavioral variance of stress across groups. (B).  
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Figure 5: Reversal of behavioral deficits after anxiolytic or antidepressant treatments  
Mice were tested in the PhenoTyper test (A-B) and in the novelty-suppressed feeding (C) after 
being subjected to chronic restraint stress (CRS). Animals also received acute diazepam 
treatment 30min prior being placed in the apparatus. The shelter zone time was quantified in the 
PhenoTyper test (A), and the residual avoidance was calculated based on these results obtained 
in the shelter zone (B). Mice were also tested in the novelty-suppressed feeding, in which the 
latency to bite was monitored. A separate cohort of animals was subjected to CRS and received 
imipramine chronically in the drinking water after the second week on CRS exposure, and for the 
next 4 weeks. Residual avoidance in the shelter zone was calculated for every week (D). Effect 
of imipramine on shelter RA obtained after 4 weeks of treatment was quantified (E). Finally, 
after 6 weeks of CRS and 4 weeks of imipramine treatment, mice were tested in the novelty-
suppressed feeding test in which the latency to bite the food pellet was measured (F). *p < 0.05, 
**p < 0.01, ***p < 0.001 compared to CRS vehicle treated animals #p < 0.05, ##p < 0.01, ###p 
< 0.001 compared to control vehicle treated animals. 
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Figure 4 

PC1 PC2 PC1 PC2

Coat state _ -0.749 -0.702 _

% Weight gain -0.579 _ 0.714 _

OF Entries in center -0.701 -0.410 0.490 0.608

OF % Time in center -0.660 -0.426 0.740 _

EPM- % Open arm entries 0.435 0.620 _ 0.791

EPM % Time in open arms 0.600 0.589 _ 0.717

NSF Latency to bite 0.556 _ -0.750 _

NSF Home cage latency to eat _ 0.600 _ _

NIH  Latency to drink _ 0.570 0.581 _

NIH Home cage latency to drink _ 0.543 0.580 _

Shelter zone time before challenge _ _ 0.781 _

Shelter zone time during challenge 0.855 _ _ _

Shelter zone residual avoidance 0.596 -0.444 -0.605 _

Food zone time before challenge _ -0.403 _ 0.607

Food zone time during challenge -0.682 _ _ 0.549

Food zone residual avoidance 0.424 _ _ _

CRS UCMS
Behavioral variables

For clarity only loading s on the first 2 components  and > 0.4 are shown. 

Table 1: Principal component analysis of the behavioral variables measured after 5 weeks of chronic stress.  
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