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A B S T R A C T   

Chronic stress exposure in adolescence can lead to a lasting change in stress responsiveness later in life and is 
associated with increased mental health issues in adulthood. Here we investigate whether the Chronic Social 
Instability (CSI) paradigm influences the behavioral and molecular responses to novel acute stressors in mice, 
and whether it alters physiological responses influenced by the noradrenergic system. Using large cohorts of 
mice, we show that CSI mice display a persistent increase in exploratory behaviors in the open field test alongside 
small but widespread transcriptional changes in the ventral hippocampus. However, both the transcriptomic and 
behavioral responses to novel acute stressors are indistinguishable between groups. In addition, the pupillo-
metric response to a tail shock, known to be mediated by the noradrenergic system, remains unaltered in CSI 
mice. Ultra-high performance liquid chromatography analysis of monoaminergic neurotransmitter levels in the 
ventral hippocampus also shows no differences between control or CSI mice at baseline or in response to acute 
stress. We conclude that CSI exposure during adolescence leads to persistent changes in exploratory behavior and 
gene expression in the hippocampus, but it does not alter the response to acute stress in adulthood and is unlikely 
to alter the function of the noradrenergic system.   

1. Introduction 

Chronic stress is a major risk factor for neuropsychiatric disease, 
including anxiety and depression (Marin et al., 2011; McEwen, 2017; 
Tafet and Bernardini, 2003; Yaribeygi et al., 2017). However, the ma-
jority of chronic stress research has focused on early life stress or adult 
stress exposure. Early life stress has been shown to lead to sustained 
hyperactivity and reactiveness of the hypothalamic-pituitary-adrenal 
(HPA) axis alongside hypertrophy of the adrenals, and dysregulation 
of glucocorticoid signalling in the hippocampus (Bolton et al., 2017; 
Brunson et al., 2005; Chen and Baram, 2016; Lupien et al., 2009; Mur-
gatroyd et al., 2009; van Bodegom et al., 2017). Chronic stress in adults 
generally leads to a similar dysregulation of the HPA axis/corticosterone 
levels and detrimental alterations to the hippocampus (Lupien et al., 

2009; Martinez et al., 1998; McLaughlin et al., 2007; Willner, 1997). 
Meanwhile, adolescent/juvenile stress has received less attention. Still, 
it has been shown that chronic stress exposure during this sensitive 
developmental period can lead to alterations in the HPA axis (Lupien 
et al., 2009; Schmidt et al., 2010; Uno et al., 1989) and the noradren-
ergic system (Joëls and Baram, 2009; Saavedra-Rodríguez and Feig, 
2013; Schmidt et al., 2008; Yohn et al., 2019). Additionally, chronic 
stress exposure during adolescence can lead to enduring phenotypes that 
are different to those observed when stress exposure occurs during 
adulthood (Andrews et al., 2021; Somerville et al., 2010). This is no 
surprise given the substantial reorganisation and the developmental 
processes occurring throughout the brain and HPA axis during this phase 
(Casey et al., 2008; Schmidt et al., 2007). 

Adolescence is a period during which social environmental cues are 

* Corresponding author. ETH Zurich, Insitute for Neuroscience, Winterthurerstrasse 190, 8057 Zurich, Switzerland. 
E-mail address: johannes.bohacek@hest.ethz.ch (J. Bohacek).  

Contents lists available at ScienceDirect 

Neurobiology of Stress 

journal homepage: www.elsevier.com/locate/ynstr 

https://doi.org/10.1016/j.ynstr.2021.100388 
Received 12 May 2021; Received in revised form 26 August 2021; Accepted 31 August 2021   

mailto:johannes.bohacek@hest.ethz.ch
www.sciencedirect.com/science/journal/23522895
https://www.elsevier.com/locate/ynstr
https://doi.org/10.1016/j.ynstr.2021.100388
https://doi.org/10.1016/j.ynstr.2021.100388
https://doi.org/10.1016/j.ynstr.2021.100388
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ynstr.2021.100388&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Neurobiology of Stress 15 (2021) 100388

2

particularly important (Andrews et al., 2021; Casey et al., 2008; Som-
erville et al., 2010). The chronic social instability (CSI) paradigm was 
created in order to investigate the effects of chronic stress exposure 
during adolescence (Schmidt et al., 2007). The paradigm involves 
randomly changing cagemates of mice twice a week for seven weeks in 
order to disrupt social hierarchies and introduce increased levels of so-
cial stress (Uno et al., 1989). CSI leads to increased anxiety, increased 
corticosterone levels, hypertrophic and hyperresponsive adrenals, 
downregulation of both mineralocorticoid receptors and glucocorticoid 
receptors in the hippocampus and a flattening of the circadian rhythm 
(Saavedra-Rodríguez and Feig, 2013; Schmidt et al., 2007, 2008, 2010; 
Yohn et al., 2019). Additionally it was shown that the anxiety behavior 
may even persist transgenerationally (Saavedra-Rodríguez and Feig, 
2013), and that some of these effects can be reversed upon adminis-
tration of selective serotonin reuptake inhibitors such as fluoxetine or 
paroxetine (Schmidt et al., 2007; Yohn et al., 2019). 

Ultimately, the goal of animal models in the study of chronic stress is 
to elucidate the neurobiological mechanisms that underlie stress-related 
diseases. The stress response is complex, and goes beyond activation of 
the HPA axis (Floriou-Servou et al., 2021; Joëls and Baram, 2009). 
Unbiased transcriptomic analyses have already highlighted several po-
tential mechanisms responsible for the alterations in behavior associated 
with chronic stress (Bagot et al, 2015, 2016; Gray et al., 2014; Nasca 
et al., 2015; Stankiewicz et al., 2015; Terenina et al., 2019; van der Kooij 
et al., 2015). One key mechanism is a dysregulation of glutamatergic 
signalling pathways, which can lead to glucocorticoid-induced neuro-
toxicity and damage to the hippocampus (McEwen, 2017; Nasca et al., 
2015; Sapolsky et al., 1986). Other studies have used transcriptomic 
screening to show that animals which are susceptible/resilient to stress 
show region-specific differences in gene expression, and have implicated 
brain derived neurotrophic factor (BDNF) and epigenetic changes as key 
mediators of the effects of chronic stress (Bagot et al., 2016; Krishnan 
et al., 2007). Transcriptomic profiling has also shown alterations in 
cortical plasticity following early life stress (Peña et al., 2019), and has 
pointed to altered mitochondrial gene expression profiles in the pre-
frontal cortex of susceptible mice (Weger et al., 2020). Notably, meta-
bolic alterations in high socially ranking mice are related to stress 
susceptibility (Cherix et al., 2020; Larrieu et al., 2017). These studies 
show that transcriptomic screens can provide valuable insights into the 
mechanisms at work behind chronic stress, and they suggest that social 
hierarchy is an important factor shaping stress resilience and suscepti-
bility. However, to our knowledge, no studies have yet provided similar 
genome-wide datasets regarding chronic social stress exposure in 
adolescence. 

Given that previous studies link the noradrenergic system to the ef-
fects of chronic stress during adolescence (Bingham et al., 2011; Chaby 
et al., 2020; de Lima et al., 2017), and, because noradrenaline plays a 
key role in the acute stress response and stress related disorders such as 
PTSD/depression/anxiety (Brunello et al., 2002; Hendrickson et al., 
2018; Tanaka et al., 2000), we hypothesized that CSI would impact the 
noradrenergic system. To this end, we tested the noradrenaline depen-
dent pupil response (Privitera et al., 2020), and measured noradrenaline 
release in response to an acute swim stress using ultra-high performance 
liquid chromatography (uHPLC). Since noradrenaline is a key regulator 
of the acute stress response, we also assessed behavior following an 
acute stress cue (shock anxiety paradigm). Finally, we profiled the 
transcriptomic response to acute restraint stress after CSI treatment, and 
also performed a transcriptomic screen in the ventral hippocampus in a 
large cohort of CSI animals at baseline in adulthood. The ventral hip-
pocampus is a critical hub in the circuitry involved in anxiety (Ban-
nerman et al., 2004; Calhoon and Tye, 2015; Jimenez et al., 2018; 
Padilla-Coreano et al., 2019), it shows strong transcriptional changes in 
response to acute and chronic stressors (Bagot et al., 2016; 
Floriou-Servou et al., 2018, 2021), and these transcriptional changes are 
mediated in part by noradrenergic signaling (Roszkowski et al., 2016). 

2. Methods 

2.1. Animals 

C57BL/6J (C57BL/6JRj) mice (male, 2.5 months of age) were ob-
tained from Janvier (France). Mice were maintained in a temperature- 
and humidity-controlled facility on a 12 h reversed light–dark cycle 
(lights off at 08:15 a.m.) with food and water ad libitum. Mice were 
housed in groups of 5 per-cage and used for experiments when 2.5–4 
months old. For each experiment, mice of the same age were used in all 
experimental groups to rule out confounding effects of age. All tests 
were conducted during the animals’ active (dark) phase from 12 to 5 
pm. Mice were single housed 24 h before behavioral testing in order to 
standardize their environment and avoid disturbing cagemates during 
testing (Bohacek et al., 2015; Roszkowski et al., 2016). All procedures 
were carried out in accordance to Swiss cantonal regulations for animal 
experimentation and were approved under license 155/2015. 

2.2. Chronic social instability paradigm (CSI) 

We carried out the CSI procedure (based on the one developed by 
Haller and Schmidt (Haller et al., 1999; Schmidt et al., 2010) in two 
different cohorts of mice (n = 60, n = 59), each in a different buildin-
g/lab. The mice arrived at the lab aged between postnatal day 21–23 
housed in groups of 5. Upon arrival they were ear-tagged and split 
randomly (by cage) into either the CSI or control group. The CSI mice 
underwent the CSI paradigm, which consisted of briefly placing all CSI 
mice (n = 30) into a larger cage, from which they were then randomly 
assigned to new cages. Mice in the control group were similarly handled, 
however, they entered the larger cage only with their cagemates before 
they were all returned to their original cage. The mice were subjected to 
these cage changes twice a week (Tuesday/Friday) for seven weeks, 
during the last cage change the mice were returned to their original cage 
and allowed to rest for 5 weeks prior to any further testing. 

2.3. Open field test (OFT) 

Open-field testing took place inside sound insulated, ventilated 
multi-conditioning chambers (TSE Systems Ltd, Germany). The open 
field arena (45 cm × 45 cm x 40 cm [L x W x H]) consisted of four 
transparent Plexiglas walls and a light grey PVC floor. Animals were 
tested for 10 min under dim lighting (4 lux). Distance, time in center, 
supported rears and unsupported rears were recorded. 

2.4. Shock Anxiety 

Shock Anxiety testing was performed as previously described (Korte 
and De Boer, 2003) and took place inside the TSE multi conditioning 
systems’ black fear conditioning arena and the OFT arena described 
above. On day 1, all animals were placed into the fear conditioning 
arena for 3 min. After 2m 30s, animals in the shock group received a 0.6 
mA shock for 3s. The following day, all animals were again placed into 
the fear conditioning chamber for 3 min before being directly placed 
into the OFT for 10 min. 

2.5. Pupillometry 

Mice were anesthetized with 5% isoflurane before being transferred 
into a stereotactic frame and sustained with 2% isoflurane. Mice 
received two tail shocks (0.6 mA for 3 s), the first, 2 min after being 
transferred to the frame and the second, 3:30mins after being placed in 
the frame. Recording was ceased after 5 min and the videos were then 
analyzed using Deeplabcut as described previously (Privitera et al., 
2020). 
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2.6. Forced swim test (FST) 

Mice were forced to swim in a plastic beaker (20 cm diameter, 25 cm 
deep) filled to 17 cm with 17.9–18.1 ◦C water for 6 min. 

2.7. Restraint stress (RS) 

Each mouse was restrained in a 50 ml falcon tube, which had been 
modified so that the mouse could breathe through a small hole at the tip 
of the tube, whilst its tail could pass through a hole in the lid. The re-
straint tubes were placed back into the homecages, ensuring that they 
could not easily roll and that the breathing hole was not obstructed. 
Mice were removed from the restraint tubes after 30 min. 

2.8. Noldus EthoVision 

EthoVision XT14 was used to acquire all forced swim and elevated 
plus maze videos. The automatic animal detection settings were used for 
all tests, slight tuning of these settings was performed using the fine- 
tuning slider in the automated animal detection settings to ensure the 
animals could be tracked throughout the entire arena. We ensured there 
was a smooth tracking curve and that the center point of the animal 
remained stable before analysis took place. 

2.9. DeepLabCut (DLC) 

DeepLabCut 2.0.7 was used to track the performance of the animals 
in cohort 1 in the OFT. The data generated by DeepLabCut was pro-
cessed using custom R Scripts that are available online (https://github. 
com/ETHZ-INS/DLCAnalyzer). For more information see (Sturman 
et al., 2020). 

2.10. TSE multi conditioning system 

Locomotion in the open field test was tracked using an infrared beam 
grid; an additional beam grid was raised 6.5 cm above the locomotion 
grid to measure rearing. The central 50% (1012.5 cm2) was defined as 
the center of the arena. To automatically distinguish supported from 
unsupported rears, we empirically determined the area in which mice 
could not perform a supported rear (Sturman et al., 2018). Thus, all rears 
within 12.5 cm of the walls were considered supported rears, while rears 
in the rest of the field were considered unsupported rears. Rearing was 
defined as an interruption of a beam in the z-axis for a minimum of 150 
ms. If another rear was reported within 150 ms of the initial rear, it was 
counted as part of the initial rear. 

2.11. Statistical analysis of behavior 

Data were tested for normality and all comparisons between nor-
mally distributed datasets containing two independent groups were 
performed using unpaired t-tests (2-tailed), data which was found to not 
follow a normal distribution was compared using non-parametric ana-
lyses. All comparisons between more than two groups were performed 
using two-way ANOVAs in order to identify group effects. Significant 
main effects were then followed up with post hoc tests (Tukey’s multiple 
comparison test). 

2.12. Tissue collection 

When brain tissue was collected for uHPLC, mice were rapidly 
euthanized by cervical dislocation. The hippocampus was immediately 
dissected (Hörtnagl et al., 1991; Sultan, 2013), and split into dorsal and 
ventral halves along the midline using a razor blade (see Supplementary 
Fig. 1)(Floriou-Servou et al., 2018) on an ice-cold glass surface. Tissue 
was snap-frozen in liquid nitrogen and stored at − 80 ◦C until further 
processing for uHPLC. 

2.13. Ultra-high performance liquid chromatography (uHPLC) 

To quantify noradrenergic ((nor)adrenaline; 3-methoxy-4-hydroxy-
phenylglycol (MHPG)), dopaminergic (dopamine (DA); 3,4-dihydroxy-
phenylacetic acid (DOPAC); homovanillic acid (HVA)), and 
serotonergic (5-HT; 5-hydroxyindoleacetic acid (5-HIAA)) neurotrans-
mitters and metabolites, a reversed-phase uHPLC system coupled with 
electrochemical detection (RP-uHPLC-ECD) was used (Alexys™ Neuro-
transmitter Analyzer, Antec Scientific, Zoeterwoude, Netherlands). In 
short, our previously validated RP-HPLC method with ion pairing 
chromatography was applied as described by Van Dam and colleagues 
(Van Dam et al., 2014; Vermeiren et al., 2015), albeit with minor 
modifications regarding the installed column (BEH C18 Waters column, 
150 mm × 1 mm, 1.7 μm particle size) and pump preference (LC110S 
pump, 449 bar; isocratic flow rate of 58 μL/min), achieving the most 
optimal separation conditions and a total runtime of under 15 min. 
Column temperature in the faraday oven was kept at 37 ◦C. For elec-
trochemical detection, a SenCell was used, with a glassy carbon working 
electrode (2 mm) and an in-situ Ag/AgCl (ISAAC) reference electrode at 
a potential setting of 670 mV and 5 nA output range. The mobile phase 
constituted a methanol-phosphate-citric acid buffer of 120 mM citric 
acid, 120 mM phosphoric acid, 600 mg/L octane-1-sulfonic acid, 0.1 mM 
EDTA, 8 mM KCl, and, 11% methanol at pH 3.0. Levels of all mono-
amines and metabolites were calculated using Clarity software™ 
(DataApex Ltd., v8.1, 2018, Prague, Czech Republic). 

Brain samples were defrosted to 4 ◦C and subsequently homogenized 
in 800 μL ice-cold sample buffer, using a Minilys Personal homogenizer 
device and 1.4 mm ceramic zirconium oxide CK14 Precellys beads 
(Bertin Technologies SAS, France; 60s, speed rate 3). Subsequently, to 
remove excess proteins, 450 μL homogenate was transferred onto a 
10,000 Da Amicon® Ultra 0.5 Centrifugal Filter (Millipore, Ireland) that 
had been pre-washed once using 450 μL sample buffer (centrifugation: 
14,000×g, 20 min, 4 ◦C). The Amicon® filter loaded with the homoge-
nate was then centrifuged (14,000×g, 20 min, 4 ◦C). Finally, the filtrate 
was transferred into a polypropylene vial (0.3 mL, Machery-Nagel 
GmbH & Co. KG, Germany) and automatically injected (undiluted; 4x 
diluted with sample buffer) onto the previously-mentioned uHPLC col-
umn by the Alexys AS110 sample injector (4 ◦C). 

2.14. Whole tissue RNA extraction 

Samples were homogenized in 500 μL Trizol (Invitrogen 15596026) 
in a tissue lyser bead mill (Qiagen, Germany) at 4 ◦C for 2 min at 20Hz, 
and RNA was extracted according to manufacturer’s recommendations. 
RNA purity and quantity were determined with a UV/V spectropho-
tometer (Nanodrop 1000), while RNA integrity was assessed with high 
sensitivity RNA screen tape on an Agilent Tape Station/Bioanalyzer, 
according to the manufacturer’s protocol. 

2.15. Sequencing 

Library preparation and sequencing was performed at the Functional 
Genomics Center Zurich (FGCZ) core facility. For library preparation, 
the TruSeq stranded RNA kit (Illumina Inc.) was used according to the 
manufacturer’s protocol. The mRNA was purified by polyA selection, 
chemically fragmented and transcribed into cDNA before adapter liga-
tion. Single-end sequencing (100 nt) was performed with Illumina HiSeq 
4000. Samples within experiments were each run on one or multiple 
lanes and demultiplexed. A sequencing depth of ~20M reads per sample 
was used. Adapters were trimmed using cutadapt (Martin, 2011) with a 
maximum error rate of 0.05 and a minimum length of 15. Kallisto (Bray 
et al., 2016) was used for pseudoalignment of reads on the transcriptome 
level using the genecode.vM17 assembly with 30 bootstrap samples and 
an estimated fragment length of 200 ± 20. For differential gene 
expression (DGE) analysis we aggregated reads of protein coding tran-
scripts and used R (v. 3.6.2) with the package “edgeR” (v 3.26.8) for 
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analysis. A filter was used to remove genes with low expression prior to 
DGE analysis. EdgeR was then used to calculate the normalization fac-
tors (TMM method) and estimate the dispersion (by weighted likelihood 
empirical Bayes). We used a generalized linear model (GLM) with 
empirical Bayes quasi-likelihood F-tests. For multiple testing correction 
the Benjamini-Hochberg false discovery rate (FDR) method was used. 
For removal of artefacts and restraint effects from the CSI vs. Control 
comparison we further employed SVA correction to correct for pro-
cessing specific effects (Leek et al., 2012). Surrogate variables inde-
pendent of experimental groups were identified using the SVA package 
3.34.0 on data after DESeq2 variance-stabilization (Leek et al., 2012; 
Love et al., 2014), and were then included as additive terms in the GLMs. 

2.16. Reverse transcription quantitative real-time polymerase chain 
reaction (RT-qPCR) 

RT-qPCR was performed as described previously (Bohacek et al., 
2015). Reactions were conducted using SYBR green (Roche) on a Light 
Cycler 480 II (Roche) and normalized against Tubulin delta 1 (Tubd1). 
Cycling conditions were 5 min at 95 ◦C, then 50 cycles with denaturation 
(10 s at 95 ◦C), annealing (10 s at 60 ◦C), and elongation (10 s at 72 ◦C). 
Primers were designed using Primer3Plus (Untergasser et al., 2007) or 
Quantprime (Arvidsson et al., 2008) and tested for quality and speci-
ficity by melt-curve analysis, gel electrophoresis and appropriate nega-
tive controls. Forward primer (FP) and reverse primer (RP) sequences 
were as follows: 

Apold1: FP: ACCTCAGGCTCTCCTTCCATCATC, RP: ACCCGAGA 
CAAAGCACCAATGC. 

Cyr61: FP: AGCTCACTGAAGAGGCTTCCTGTC, RP: ACTCGTGTG 
GAGATGCCAGTTC. 

Dusp1: FP: AGACATCAGCTCCTGGTTCAACG, RP: CCAGCATCCT 
TGATGGAGTCTATG. 

Fos: FP: ACAGATACACTCCAAGCGGAGAC, RP: TGGCAATCTCA 
GTCTGCAACGC. 

3. Results 

3.1. Cohort 1 

We first carried out the CSI paradigm (n = 59, cohort 1) to investi-
gate the behavioral effects of adolescent stress exposure and to look for 
alterations in the noradrenergic system (Fig. 1a). To ensure that any 
behavioral effects observed were not due to the random selection of 
mice, we performed an open field test (OFT) test prior to CSI exposure. 
As expected, we observed no significant differences between the 
behavior of the mice in both groups (Supplementary Fig. 2). Two weeks 
after completion of the CSI paradigm, we again tested mice in the OFT. 
We saw an anxiolytic effect of CSI, as CSI mice spent significantly more 
time in the center of the arena (unpaired t-test; t = 3.033, df = 57, p =
0.0036) (Fig. 1c). The CSI mice in this cohort also covered significantly 
more total distance (unpaired t-test; t = 4.395, df = 57, p < 0.0001) 
(Fig. 1b). The observation that CSI treatment leads to increased explo-
ration was unexpected, as previous reports in adolescent CD1, and adult 
C57BL6/J mice had suggested an increase in anxiety related measures 
after CSI exposure (Saavedra-Rodríguez and Feig, 2013; Schmidt et al., 
2010; Yohn et al., 2019). In the light-dark-box test one week after the 

Fig. 1. Persistent behavioral changes induced by CSI stress. (a) Schematic outline of the experimental procedures performed on cohort 1. (b-e) Distance, time in 
center, supported and unsupported rears in the open field test as reported by our custom DeepLabCut analysis suite (see methods). (f-i) Distance, time in light, 
shuttles and rears in the light dark box as reported by the TSE Multi Conditioning System. Data expressed as mean ± SEM. ** = p < 0.01,**** = p < 0.0001. 
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OFT we observed no differences between groups on any of the measures 
(See Fig. 3f–i). This suggests that CSI increases exploratory behavior in 
adolescent male C57Bl/6 mice in a context-dependent manner. 

3.2. Shock anxiety/acute stress following CSI 

To further investigate the behavioral response of the CSI animals to a 
novel acute stressor, mice from cohort 1 were subjected to a shock 
anxiety paradigm in which animals were placed into a fear conditioning 
chamber, where half of the animals received a shock (shock group), the 
other half did not (control group). The following day, all animals were 
briefly placed back into the shock box (but this time none of the mice 
received a footshock). This served as a brief anxiety cue for the shock 
group (Korte and De Boer, 2003). Immediately afterwards, mice were 
placed into an open field (see Fig. 2b/methods). It appears that the 
memory of the animals was intact given the significant main effect of 
shock on distance (Two-Way ANOVA, F (1,55) = 22.48, p < 0.0001) and 
total number of rears (Two-Way ANOVA, F (1,55) = 29.3, p < 0.0001) 
when placed into the shock context prior to the OFT on day 2 of the 
paradigm (Supplementary Fig. 3). The effects of this anxiety cue per-
sisted in the following open field test, as we observed a significant main 
effect of shock on distance (Two-Way ANOVA, F (1,55) = 13, p =
0.0007) and supported rears (Two-Way ANOVA, F (1,55) = 5.754, p =
0.0199) (Fig. 2c,e). However, no significant interactions were observed, 
implying that the control and CSI animals responded similarly to the 
novel stressor in this paradigm. 

3.3. Pupillometry 

Chronic stress can also induce persistent neuroplastic alterations to 
the locus coeruleus - noradrenergic system (Borodovitsyna et al., 2018; 
Pavcovich et al., 1990). Therefore, we wanted to see if the CSI paradigm 
had altered the pupil response of the animals, which is known to be 

regulated by the locus coeruleus-noradrenergic system and can be 
measured in response to a tail shock under light isofluorane anesthesia 
(Privitera et al., 2020). We therefore examined the pupillometric 
response of a subset of the mice to a tail shock. We selected those mice 
which had received a shock in the shock anxiety test, (n = 14 CSI, 1 
mouse excluded due to equipment malfunction, n = 15 control). 
Although the electrical stimulus elicited a measurable dilation of the 
pupil (linear mixed effects model (’Radius ~ Group*Response+(1|Ani-
mal)+Time’ against ’Radius~(1|Animal)+Time)β = 1.5933, SE =
0.7899, t (84) = 2.017, p = 0.0469), we observed no significant dif-
ferences between control and CSI animals at baseline (β = -1.8315, SE =
1.3808, t (37.6730) = -1.326, p = 0.1927)) and no significant group/-
response interaction (β = 0.7140, SE = 1.0984, t (84) = 0.650, p =
0.5174)(Fig. 3b). These results suggest that the pupil response to a novel 
stressor is not altered by a history of CSI exposure. 

3.4. Noradrenaline turnover 

Since pupil dilation is an indirect measure of locus coeruleus acti-
vation, we decided to directly measure noradrenaline release and 
turnover after an acute forced swim stress exposure. While some brain 
regions involved in stress and anxiety (like the prefrontal cortex, 
amygdala and bed nucleus of the stria terminalis) receive noradrenaline 
from different brainstem nuclei, sometimes with opposing effects on 
stress-induced anxiety, the hippocampus is thought to receive 
noradrenaline solely from the locus coeruleus (Chen et al., 2019; Rob-
ertson et al., 2013). Because previous work has shown higher 
noradrenaline levels in the ventral hippocampus (Floriou-Servou et al., 
2018), which in contrast to the dorsal hippocampus also forms part of an 
essential anxiety circuitry in the brain, we decided to measure 
stress-induced noradrenaline turnover in the ventral hippocampus. To 
this end, we used uHPLC, which can measure several monoamines and 
their metabolites simultaneously with high precision (Van Dam et al., 

Fig. 2. CSI and control mice in a shock-anxiety paradigm. (a) Schematic outline of the experimental procedures performed on cohort 1. (b) Detailed schematic shock 
anxiety protocol. (c-f) Distance, time in center, supported rears and unsupported rears as reported by our custom DeepLabCut analysis suite (see methods) in the OFT 
immediately following brief re-exposure to the shock context. Data expressed as mean ± SEM. * = p < 0.05,*** = p < 0.001. 
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2014; Vermeiren et al., 2015). We had shown previously that 
noradrenaline turnover is a sensitive readout of locus coeruleus activa-
tion (Privitera et al., 2020; Zerbi et al., 2019). In both CSI and control 
mice, we detect strong main effects of acute stress, with significant in-
creases in dopamine (DA, Two-Way ANOVA, F (1,26) = 51.45, p <
0.0001), the noradrenaline metabolite 3-methoxy-4-hydroxyphenylgly-
col (MHPG, Two-Way ANOVA, F (1,26) = 56.83, p < 0.0001), the 
dopamine metabolite homovanillic acid (HVA, Two-Way ANOVA, F (1, 
26) = 86.03,p < 0.0001), and the serotonin metabolite 5-hydroxyindole-
acetic Acid (5HIAA, Two-Way ANOVA, F (1,26) = 8.594, p = 0069). 
Additionally, noradrenaline turnover was strongly increased 
(MHPG/NA ratio; Two-Way ANOVA, F (1,26) = 36.18, p < 0.0001), 
dopamine turnover was suppressed (HVA/DA ratio; Two-Way ANOVA, 
F (1,26) = 5.215, p = 0.0308) and serotonin turnover was increased 
(5-HIAA/5-HT ratio; Two-Way ANOVA, F (1,26) = 6.914, p = 0.0142) 
(Fig. 4d-l). However, we detected no interaction between treatment 
(acute stress) and group (control/CSI) for any of the measurements. In 
addition, we also analyzed the total distance travelled in the forced swim 
test and the time spent floating, as this has been used as a measure of 
monoaminergic activity and stress-responsiveness in the past (Molendijk 
and de Kloet, 2015; Porsolt et al., 1977; Semba and Takahashi, 1988)). 
We observed no differences between CSI and control mice in distance 
(unpaired t-test; t = 0.7183, df = 27, p = 0.4787) or time floating 
(unpaired t-test; t = 0.5579, df = 27, p = 0.5815). Again, these findings 
support the overall conclusion that the effects of acute stress are not 
altered in animals with a history of CSI exposure (Fig. 4b and c). 

3.5. Cohort 2 - transcriptomic changes induced by chronic social 
instability stress 

3.5.1. Behavioral differences 
Given that we did not find support for our hypothesis that the acute 

stress response was altered after a history of CSI exposure, we decided to 

perform a transcriptomic screen to assess whether on a transcriptome- 
wide level we could detect differences in the acute stress response be-
tween CSI and control mice. Because transcriptomic analyses are 
extremely sensitive to the impact of acute or chronic stressors (Flo-
riou-Servou et al., 2018; Gray et al., 2014; Peña et al., 2019), we hy-
pothesized that prior exposure to chronic stress would alter the 
subsequent transcriptomic response to acute stress. We generated a new 
cohort of CSI mice (n = 30 controls, n = 30 CSI, cohort 2). To show that 
CSI was effective, we again performed an OFT 5 weeks after the end of 
the CSI paradigm. Similar to cohort 1, we again saw an increase in 
exploratory behaviors after CSI treatment. CSI mice spent significantly 
more time in the center of the arena (Mann Whitney test; U = 289, Sum 
of ranks = 754(a) 1076(b), p = 0.0167) (Fig. 5c) and performed 
significantly more supported (unpaired t-test; t = 2.215, df = 58, p =
0.0307) and unsupported rears (unpaired t-test; t = 3.636, df = 58, p =
0.0006) (Fig. 5d and e). Due to a physical relocation of the lab, all ex-
periments and procedures carried out in this cohort took place in 
different animal housing and behavior testing facilities. Differences in 
behavioral recording apparatus (camera angle) meant that we were 
unable to use our deep-learning based analysis on this cohort (Sturman 
et al., 2020). However, experiments were carried out under comparable 
testing conditions (same mouse strain and vendor, same experimenter, 
same lighting conditions, same testing apparatus, same experimental 
procedures). We were able to analyze cohort 1 using the TSE system, 
thus we were able to pool data from cohort 1 and cohort 2. This resulted 
in a very large group size (n = 60 CSI, n = 59 control) and the analyses 
confirmed that overall CSI mice spent more time in the center of the 
open field (Mann Whitney test; U = 1096, Sum of ranks = 2866(a) 4275 
(b), p = 0.0003) and performed significantly more unsupported rears 
(Mann Whitney test; U = 1179, Sum of ranks = 2949(a) 4191(b), p =
0.0015). Combined, this suggests an increase in exploratory behaviors 
and a reduction in anxiety following CSI treatment (Supplementary 
Fig. 4). Since others using the CSI paradigm have reported differences in 

Fig. 3. Shock-induced pupillometry in CSI and control mice. (a) Schematic outline of the experimental procedures performed on cohort 1. (b) Pupil radius of CSI (n 
= 14) and control mice (n = 15). Shock responses are indicated in blue, with the corresponding baseline pupil radii indicated in grey, data expressed as mean ± SEM. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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locomotor adaptation (Saavedra-Rodríguez and Feig, 2013), we also 
investigated this parameter in both cohorts but found no significant 
differences between control or CSI mice (data not shown). 

3.5.2. Transcriptomic differences 
Two weeks after behavior testing, we performed transcriptomic 

profiling of the ventral hippocampus, a brain area known to be highly 
sensitive to the effects of stress (Bagot et al., 2016; Floriou-Servou et al., 
2018; Nasca et al., 2017). To avoid selection bias, we decided to 
sequence the ventral hippocampus of each mouse. The majority of mice 
were euthanized for tissue collection directly from their homecage (n =
24 CSI; n = 24 control), while a small cohort was exposed to 30min acute 
restraint stress that began 45min before tissue collection (n = 6 CSI, n =
6 control). Without acute stress exposure, we detected many transcripts 
that were significantly up- (1748 genes) or down-regulated (1997 genes) 
between the control and CSI groups (Fig. 6a, Supplementary Table 1). 
We observed considerable co-expression and co-variability of many of 
the significant genes. To ensure that these observations were not arte-
facts we used surrogate variable analysis (SVA) to remove technical 
variability across batches of samples before re-analysing for CSI effects 
(Leek et al., 2012). We were able to detect 377 robustly altered tran-
scripts (73 up-regulated and 304 down-regulated) (Fig. 6d, Supple-
mentary Table 2), confirming that CSI induces widespread changes of 
modest effect size. In response to acute restraint stress, we detect the 

expected strong transcriptomic differences we had already described 
previously (Floriou-Servou et al., 2018; von Ziegler et al., 2021) (Fig. 6a 
and b, Supplementary Table 3). These include predominantly 
well-described transcription factors known to be strongly activated by 
various stressors (Fig. 6b). Contrary to our hypothesis, we detected no 
significant interaction between acute stress (restraint) and chronic stress 
(CSI) (Fig. 6a, Supplementary Table 4). To further validate these find-
ings, we performed RT-qPCR on several of the genes that were most 
strongly regulated by acute stress (restraint) (Apold1,Cyr61,Dusp1 and 
Fos). We confirm the strong stress-induced changes, and again find no 
interaction between acute stress and chronic stress (CSI) (Supplemen-
tary Fig. 5). Thus, prior exposure to CSI stress does not alter the strong, 
stereotypical transcriptional response to acute stress in the ventral 
hippocampus. This observation is in line with the behavioral data 
showing no significant interaction between control and CSI animals 
following acute stress. Gene ontology enrichment analysis on the genes 
significantly regulated by acute restraint stress highlights the impact of 
the restraint stress on pathways related to memory formation and energy 
metabolism (Fig. 6c), which is in line with our current understanding 
that the acute stress response mobilizes energy substrates and regulates 
energy homeostasis (Floriou-Servou et al., 2021). Gene ontology 
enrichment analysis of the large number of significant genes altered by 
CSI treatment reveals an interesting suppression of pathways related to 
synaptic function and glutamatergic signaling (Fig. 6e). Although this 

Fig. 4. Stress-induced changes in monoaminergic neurotransmitter systems in CSI and control mice. (a) Schematic outline of the experimental procedures performed 
on cohort 1. (b-c) Distance/time floating in the FST as reported by Noldus Ethovision XT13.(d-l) uHPLC analysis of noradrenaline (NA), dopamine (DA), serotonin (5- 
HT), 3-methoxy-4-hydroxyphenylglycol (MHPG), homovanillic acid (HVA), 5-hydroxyindoleacetic acid (5HIAA), MHPG/NA, HVA/DA and 5-HIAA/5-HT in the 
ventral hippocampus post swim stress. Data expressed as mean ± SEM. * = p < 0.05, *** = p < 0.001. 
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reduction is rather subtle for each individual gene (5–10%), the 
convergence on key genes related to synaptic function (e.g. Shank1, 
Shank3, Grin1, Grin2d, Dlgap3, Dlgap4) is striking (Fig. 6e). 

4. Discussion 

Here we show that chronic social instability (CSI) stress leads to an 
increase in the time spent in the center of the OFT alongside an increase 
in unsupported rearing behavior 5 weeks after the end of the CSI para-
digm. This anxiolytic, pro-exploratory phenotype is accompanied by 
widespread yet subtle transcriptomic alterations in the ventral hippo-
campus between control and CSI mice. However, we did not see any 
further behavioral differences between CSI/control mice in the LDB or 
following exposure to the shock anxiety paradigm or in the forced swim 
test. In addition, we saw no physiological differences in the pupil 
response following tailshock or in the neurotransmitter levels during 
uHPLC analysis of the ventral hippocampus at baseline or post swim 
stress following CSI. On the whole, our data do not support the hy-
pothesis that a history of CSI alters the subsequent response to an acute 
stressor, nor alters the functional release of NA/MHPG or related 
monoaminergic neurotransmitters in the ventral hippocampus, which is 
directly innervated by the locus coeruleus. 

The literature on the behavioral effects induced by adolescent CSI 
exposure is conflicting. Some studies have reported increased anxiety 
levels as indicated by decreased locomotor adaptation in the OFT, 
increased latency to eat in the novelty suppressed feeding test, and fewer 
open arm entries in the elevated plus maze (Saavedra-Rodríguez and 
Feig, 2013; Schmidt et al., 2007, 2008, 2010). However, these experi-
ments were conducted in outbred CD1 mice, during the light phase of 
the light-dark cycle, and varied between males and females. Another 
group exposed adult CD1 mice to the CSI paradigm, tested them during 
the dark cycle and found no differences in anxiety-related behaviors, but 
instead an increase in rearing in response to CSI exposure similar to our 
results (Jarcho et al, 2016, 2018). Since we repeated the paradigm in 
two separate cohorts of animals in two entirely different facilities, we 
are confident that the behavioral phenotype we observed is reproducible 
under the testing conditions used in our lab/labs. Importantly, we tested 
mice during the active (dark) phase of their cycle, and we single-housed 
mice overnight before testing, which reduces stress (corticosterone) 
levels and avoids disrupting the social hierarchy within a cage when 
individual mice have to be removed from the cage for behavioral testing 
(Bohacek et al., 2015). Despite the reproducible effect of CSI on OFT 
behavior, it was surprising that we saw no differences in the LDB, where 
a decrease in anxiety should lead to an increase in time spent in the light 

Fig. 5. Long-lasting behavioral effects of CSI stress in a second cohort of mice. (a) Schematic outline of the experimental procedures performed on cohort 2 (b-e) 
Distance, time in center, supported and unsupported rears in the open field test as reported by the TSE Multi Conditioning system. Data expressed as mean ± SEM. * 
= p < 0.05, ** = p < 0.01,*** = p < 0.001. 
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Fig. 6. Transcriptomic changes in CSI and control mice at baseline and after acute restraint stress. (a) Volcano plots visualizing log fold changes vs p-values for 
coefficients of an interactive model (CSI * restraint). Colors indicate significantly (adj.p < 0.05) up- (red) or down-regulated (blue) genes. (b) Heatmap of genes 
altered by restraint stress in CSI and control animals across all samples. (c,e) Functional annotation results for significant restraint genes (c) or CSI genes (e). (d) 
Heatmap of genes altered by CSI across all samples after removal of variability. (e). Box: z-score vs significance of GO terms. Bubble size indicates number of assigned 
genes. Negative z-scores indicate that these genes are down-regulated, positive that they are up-regulated. Colors indicate the GO category. Table: top enriched 
(-log10 (weighted fisher p) > 2.5 for restraint, > 3 for CSI) GO terms and descriptions. Boxes on the right indicate colors of these terms in the circular plot. Circle: GO 
chord plot illustrating gene to GO term associations for selected terms. Differentially regulated genes are indicated on the left side, GO terms on the right side. GO 
terms colors correspond to the legend in the GO table. A connection between GO term and gene indicates that the gene is part of the GO term. Color of the small box 
next to the genes indicates their logFC after restraint (c) or CSI (e). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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compartment. Although it is widely known that there is often poor 
agreement between different anxiety tests (Ramos, 2008; Snyder et al., 
2021), we cannot rule out the possibility that the testing sequence (OFT 
before LDB) may have influenced the behavioural response of the mice 
to novelty. Perhaps in the future, counterbalanced anxiety test batteries 
could be used to address this issue. Given the lack of a detectable dif-
ference between control and CSI animals following novel acute stressors, 
it could be that the increased exploratory drive observed in the OFT 
indicates that CSI mice enter minimally stressful novel environments 
with higher levels of curiosity, but appear to be just as susceptible to the 
effects of more severe stressors (or more anxiogenic environments) as 
control mice. Indeed, the stress response of CSI mice is indistinguishable 
from controls in terms of transcriptomics, shock anxiety response, 
pupillometry, and uHPLC analysis of monoaminergic neurotransmitters 
in the ventral hippocampus. It is possible that the acute stress response 
elicited by the novel stressors (shock, cold swim) is too ‘hard wired’ to be 
altered by a chronic stress paradigm of this variety and intensity, or that 
the length of time between the end of chronic social instability and some 
of the final behavioral tests (>7 weeks) was too long, giving the animals 
enough time to recover from the stressor. 

Although the noradrenergic system has been implicated in behav-
ioral changes after stress exposure (Bingham et al., 2011; Borodovitsyna 
et al., 2018; Chaby et al., 2020; de Lima et al., 2017), and, linked to 
depressive-like behaviors following chronic stress (Chen et al., 2012; 
Haller et al., 2002), we were unable to show alterations in mono-
aminergic content in mice which show altered behavior following 
adolescent social stress. This could be due to our use of an indirect 
measure of global noradrenergic activity (pupillometry), and the fact 
that our molecular analyses (uHPLC/transcriptomics) were restricted to 
one brain region (ventral hippocampus). Directly assessing the activa-
tion of noradrenergic brain regions such as the locus coeruleus during 
behavior with electrophysiology, calcium imaging or voltammetry may 
show more transient alterations in the monoaminergic system that are 
overlooked here. However, it appears more likely that social stress 
during adolescence does not elicit its persistent phenotype in mice via 
alterations to monoaminergic transmission, as has been shown by others 
in rats (Vidal et al., 2007). 

We single-housed mice overnight before testing, which avoids dis-
rupting the social hierarchy within a cage when individual mice have to 
be removed from the cage for testing. This allows us to show stress- 
induced gene expression changes more clearly than in group housed 
mice (Bohacek et al., 2015). Our transcriptomic analysis of the ventral 
hippocampus of CSI animals at baseline implies that NMDA receptors 
and differences in synaptic maturation and development may be 
responsible for the observed baseline differences between CSI mice and 
controls that led to the OFT phenotype (Fig. 2C). In line with this 
observation, previous work has shown that CSI treatment can lead to 
memory deficits (Green and McCormick, 2013; McCormick et al., 2010; 
Sterlemann et al., 2010) and impair synaptic plasticity in the hippo-
campus (Hodges et al., 2019; Sterlemann et al., 2010). In addition, we 
also find several genes (Epha7,Grin1,Grin2D,Prkar1b and Slc30a3) 
under the GO term ‘hippocampal mossy fiber to CA3 synapses’ to be 
downregulated in CSI mice. Interestingly, there is a link between the 
hippocampus, mossy fibers and rearing in the context of novelty. Genetic 
selection for increased novelty-induced rearing leads to larger intra/-
infra pyramidal-mossy fiber terminal fields and potentially more effi-
cient spatial processing (Crusio et al., 1989; Crusio and Schwegler, 1987; 
Lever et al., 2006). It would therefore be interesting to test whether CSI 
treatment affects mossy-fiber structure and function. 

Following exposure to acute restraint stress, both CSI and control 
mice exhibit a similar transcriptional response with GO enrichment 
analysis highlighting responses to the metabolic cost of enduring a 
stressor. These results are in line with the highly metabolically 
demanding processes triggered by stress, such as increased synaptic 
activity and increased glutamate release throughout the brain, specif-
ically in stress sensitive regions such as the hippocampus (Lowy et al., 

1993; McEwen and Wingfield, 2003; Nasca et al., 2015; Sapolsky et al., 
1986). However, what we see in the CSI mice could be a subtle yet 
meaningful downregulation of excitatory glutamatergic pathways, 
possibly to counteract exocytoxicity from sustained glutamate levels. 
NMDA selective glutamate receptors are downregulated in CSI mice, and 
it has been shown that blocking NMDA receptors and lowering the 
excitatory activity of ion channels leads to reductions in stress-induced 
dendritic-remodelling in the hippocampus, preventing the maladaptive 
effects of stress (Magariños and McEwen, 1995; Watanabe et al., 1992). 
It is therefore possible that the CSI paradigm used here acts as a form of 
eustress (Daskalakis et al., 2013; Santarelli et al., 2014; Selye, 1976), 
which increases the adaptive capacity of the mice and shields them from 
some of the effects of other minor stressors such as exposure to a novel 
environment, thus resulting in what appears to be an anti-anxiety 
phenotype in the open field. This hypothesis, together with an electro-
physiological assessment of hippocampal excitability, should be inves-
tigated in more depth before drawing further conclusions about 
adaptive or maladaptive changes induced by our CSI protocol. 
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2015. Stress dynamically regulates behavior and glutamatergic gene expression in 
hippocampus by opening a window of epigenetic plasticity. Proc. Natl. Acad. Sci. U. 
S. A. 112, 14960–14965. 

Padilla-Coreano, N., Canetta, S., Mikofsky, R.M., Alway, E., Passecker, J., 
Myroshnychenko, M.V., Garcia-Garcia, A.L., Warren, R., Teboul, E., Blackman, D.R., 
Morton, M.P., Hupalo, S., Tye, K.M., Kellendonk, C., Kupferschmidt, D.A., Gordon, J. 

O. Sturman et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S2352-2895(21)00096-5/sref1
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref1
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref2
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref2
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref2
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref3
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref3
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref3
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref3
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref3
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref3
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref4
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref4
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref4
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref4
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref5
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref5
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref5
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref6
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref6
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref6
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref7
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref7
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref7
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref8
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref8
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref9
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref9
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref10
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref10
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref11
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref11
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref11
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref11
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref12
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref12
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref12
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref13
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref13
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref14
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref14
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref15
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref15
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref15
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref15
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref16
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref16
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref16
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref17
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref17
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref18
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref18
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref18
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref18
https://doi.org/10.7554/eLife.50631
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref20
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref20
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref21
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref21
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref21
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref22
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref22
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref22
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref23
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref23
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref23
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref24
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref24
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref24
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref24
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref25
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref25
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref25
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref26
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref26
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref27
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref27
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref27
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref28
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref28
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref28
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref29
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref29
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref29
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref30
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref30
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref30
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref31
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref31
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref31
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref32
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref32
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref32
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref33
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref33
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref33
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref33
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref34
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref34
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref34
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref35
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref35
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref35
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref36
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref36
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref37
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref37
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref38
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref38
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref38
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref38
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref38
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref38
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref39
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref39
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref39
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref39
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref40
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref40
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref40
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref41
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref41
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref42
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref42
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref43
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref43
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref43
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref44
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref44
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref45
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref45
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref45
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref46
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref46
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref46
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref47
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref47
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref47
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref48
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref48
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref49
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref49
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref49
https://doi.org/10.1177/2470547017692328
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref51
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref51
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref52
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref52
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref52
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref53
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref53
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref54
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref54
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref54
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref54
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref55
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref55
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref55
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref55
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref56
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref56
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref56
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref56
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref57
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref57
http://refhub.elsevier.com/S2352-2895(21)00096-5/sref57


Neurobiology of Stress 15 (2021) 100388

12

A., 2019. Hippocampal-prefrontal theta transmission regulates avoidance behavior. 
Neuron 104, 601–610 e4.  

Pavcovich, L.A., Cancela, L.M., Volosin, M., Molina, V.A., Ramirez, O.A., 1990. Chronic 
stress-induced changes in locus coeruleus neuronal activity. Brain Res. Bull. 24, 
293–296. 

Peña, C.J., Smith, M., Ramakrishnan, A., Cates, H.M., Bagot, R.C., Kronman, H.G., 
Patel, B., Chang, A.B., Purushothaman, I., Dudley, J., Morishita, H., Shen, L., 
Nestler, E.J., 2019. Early life stress alters transcriptomic patterning across reward 
circuitry in male and female mice. Nat. Commun. 10, 5098. 

Porsolt, R.D., Le Pichon, M., Jalfre, M., 1977. Depression: a new animal model sensitive 
to antidepressant treatments. Nature 266, 730–732. 

Privitera, M., Ferrari, K.D., von Ziegler, L.M., Sturman, O., Duss, S.N., Floriou-Servou, A., 
Germain, P.-L., Vermeiren, Y., Wyss, M.T., De Deyn, P.P., Weber, B., Bohacek, J., 
2020. A complete pupillometry toolbox for real-time monitoring of locus coeruleus 
activity in rodents. Nat. Protoc. 15, 2301–2320. 

Ramos, A., 2008. Animal models of anxiety: do I need multiple tests? Trends Pharmacol. 
Sci. 29, 493–498. 

Robertson, S.D., Plummer, N.W., de Marchena, J., Jensen, P., 2013. Developmental 
origins of central norepinephrine neuron diversity. Nat. Neurosci. 16, 1016–1023. 

Roszkowski, M., Manuella, F., Von Ziegler, L., Durán-Pacheco, G., Moreau, J.L., 
Mansuy, I.M., Bohacek, J., 2016. Rapid stress-induced transcriptomic changes in the 
brain depend on beta-adrenergic signaling. Neuropharmacology 107, 329–338. 

Saavedra-Rodríguez, L., Feig, L.A., 2013. Chronic social instability induces anxiety and 
defective social interactions across generations. Biol. Psychiatr. 73, 44–53. 

Santarelli, S., Lesuis, S.L., Wang, X.-D., Wagner, K.V., Hartmann, J., Labermaier, C., 
Scharf, S.H., Müller, M.B., Holsboer, F., Schmidt, M.V., 2014. Evidence supporting 
the match/mismatch hypothesis of psychiatric disorders. Eur. 
Neuropsychopharmacol 24, 907–918. 

Sapolsky, R.M., Krey, L.C., McEwen, B.S., 1986. The neuroendocrinology of stress and 
aging: the glucocorticoid cascade hypothesis. Endocr. Rev. 7, 284–301. 

Schmidt, M.V., Scharf, S.H., Liebl, C., Harbich, D., Mayer, B., Holsboer, F., Müller, M.B., 
2010. A novel chronic social stress paradigm in female mice. Horm. Behav. 57, 
415–420. 

Schmidt, M.V., Sterlemann, V., Ganea, K., Liebl, C., Alam, S., Harbich, D., Greetfeld, M., 
Uhr, M., Holsboer, F., Müller, M.B., 2007. Persistent neuroendocrine and behavioral 
effects of a novel, etiologically relevant mouse paradigm for chronic social stress 
during adolescence. Psychoneuroendocrinology 32, 417–429. 

Schmidt, M.V., Sterlemann, V., Müller, M.B., 2008. Chronic stress and individual 
vulnerability. Ann. N. Y. Acad. Sci. 1148, 174–183. 

Selye, H., 1976. Stress without Distress. Psychopathology of Human Adaptation. 
Semba, J.I., Takahashi, R., 1988. Effect of monoamine precursors on the forced- 

swimming test in mice. Psychopharmacology 95, 222–225. 
Snyder, C.N., Brown, A.R., Buffalari, D., 2021. Similar tests of anxiety-like behavior yield 

different results: comparison of the open field and free exploratory rodent 
procedures. Physiol. Behav. 230, 113246. 

Somerville, L.H., Jones, R.M., Casey, B.J., 2010. A time of change: behavioral and neural 
correlates of adolescent sensitivity to appetitive and aversive environmental cues. 
Brain Cognit. 72, 124–133. 

Stankiewicz, A.M., Goscik, J., Majewska, A., Swiergiel, A.H., Juszczak, G.R., 2015. The 
effect of acute and chronic social stress on the hippocampal transcriptome in mice. 
PloS One 10, e0142195. 

Sterlemann, V., Rammes, G., Wolf, M., Liebl, C., Ganea, K., Müller, M.B., Schmidt, M.V., 
2010. Chronic social stress during adolescence induces cognitive impairment in aged 
mice. Hippocampus 20, 540–549. 

Sturman, O., Germain, P.-L., Bohacek, J., 2018. Exploratory rearing: a context- and 
stress-sensitive behavior recorded in the open-field test. Stress 21, 443–452. 
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