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This study aimed to help to understand the influence of stress on depression, which reflects the social environments of especially solitary life and the increasing prevalence of depressive disorders. To determine the distinguishable features of two-representative animal models of stress-induced depressive disorder, we compared isolation stress (IS) and unpredictable chronic mild stress (UCMS). After 4-week of stress, both models showed significant depressive- and anxiety-like behaviors in an open field test (OFT; p < 0.01 for IS, p < 0.01 for UCMS), forced swimming test (FST; p < 0.01 for IS, p < 0.01 for UCMS), and tail suspension test (TST; p < 0.01 for IS, p < 0.05 for UCMS) along with alterations in serum corticosterone levels, serotonin activity in the dorsal raphe nuclei (DRN) and microglial activity in the dentate gyrus of the hippocampus (p < 0.05 for both parameters). In a comparison of the two stress models, IS strongly induced depressive and anxiety features, as indicated by all parameters: behavior test scores (p < 0.05 for OFT, FST, and TST), serum corticosterone levels (p < 0.05), immunohistological alterations for serotonin activity (p < 0.05) and microglial activity (p = 0.072). Our results indicate the suitability of IS for the development of animal models of depressive disorders and may reveal the medical impact of social isolation environment in modern society.
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INTRODUCTION

Stressful events are inevitable parts of life in modern society, and they have caused a rapid increase in the number of patients with neuropsychological disorders (Krishnan and Nestler, 2008). Chronic stress would evoke brain structural remodeling (McEwen et al., 2016) and functional loss, including cognition impairments (Lupien et al., 2009) depending on the intensity and/or duration of stress.

To defend against brain damage from stress, glucocorticoids (primary stress response hormones) are secreted in large amounts by hypothalamic-pituitary-adrenocortical (HPA) axis activation. However, their excessive influx into the brain leads to dysfunction of the neurotransmitter system (Lanfumey et al., 2008). Maternally separated rats show low gene expression of the glucocorticoid receptor, which contributes to decreased brain serotonin activity (Meaney et al., 1993; Ladd et al., 2000). Reduced serotonin activity is known as a pathological feature of depressive disorder, and it has been targeted to treat depressive symptoms (Fakhoury, 2016). In a positron emission tomography (PET) imaging study, the observed tendency of a correlation between cortisol and the 5-hydroxytryptamine (5-HT)1A receptor was different under conditions of physical stress (radial artery catheter insertion) vs. psychological stress (the Trier social stress test) in patients with major depressive disorder (Steinberg et al., 2019).

These findings imply that different sensitivities to stress can occur based on the type of stress in the pathogenesis of the depressive disorder. Intriguingly, the severity of chronic stress-derived depressive disorder could be dependent on the specific type of stress, such as physical or emotional stress (Richter-Levin and Xu, 2018). Previous studies have reported that psychological stress, sexual stress, and physical stress lead to different behavioral profiles (Infurna et al., 2016; Hodgdon et al., 2018). To date, various types of stresses are indiscriminately being applied for depressive mouse models. For example, unpredictable chronic mild stress (UCMS) is most commonly used to study depression in rodents (Mineur et al., 2006).

On the other hand, it is well noticed that loneliness from social connectedness leads to stress susceptibility and depressive symptoms, including pessimism, low self-esteem, and anger (Cacioppo et al., 2006). Recently, people who live a solitary life are rapidly rising, and it is closely associated with the increased prevalence of depressive disorder (van den Brink et al., 2018; Achterbergh et al., 2020). To mimic human depression-related disorders, social isolation stress is commonly used (Ieraci et al., 2016). However, no comparative study exists between the isolation stress model and others regarding depression and anxiety disorders.

To figure out the usefulness of the isolation stress model in the aspect of the modern solitary life, we compared two typical stress models, isolation stress vs. UCMS. We investigated the distinguishable features of depressive-like behaviors and depression-related molecules, including serum corticosterone and serotonin in the brain. This study also would help understand the clinical relevance between loneliness and depression.



MATERIALS AND METHODS


Animals and Stress Procedure

Twenty-four specific pathogen-free C57BL/6N male mice (8 weeks old, 22–24 g) were purchased from Dae Han Biolink Co., Limited (Eumseong, South Korea). The mice were housed in plastic cages maintained at 23 ± 1°C with a 12 h light-dark cycle, and they were given free access to food pellets (Cargill Agri Furina, Gyeonggi-do, South Korea) and tap water. After acclimation for 7 days, the mice were randomly divided into three groups (n = 8): the non-stress group, the isolation stress (IS) group, and the UCMS groups.

The isolation stress procedure was conducted as previously described (Ieraci et al., 2016). The mice in the IS group were isolated in individual cages (26 × 18 × 13 cm) for 28 days. The UCMS procedure was performed as previously described (Nollet et al., 2013) with slight modifications. Briefly, the mice in the UCMS group were subjected to eight kinds of stress for 28 days: continuous illumination (24 h), wet bedding (24 h), isolation stress (24 h), 45° cage tilting (12 h), food and/or water deprivation (12 h), restraint stress (3 h), 4°C cold stress (1 h), and swimming in cold water (15 min). Mice were divided into two experimental groups (1 - behavioral tests, 2 - immunohistological analysis) to avoid interference from each other. After the final day of stress exposure, the five mice in each group were tested in behavioral tests to assess depressive and anxiety-like behaviors [the open field test (OFT), forced swimming test (FST), and tail suspension test (TST)], and blood samples were collected from the abdominal vein under CO2 anesthesia. The blood was left for 30 min at room temperature (RT) to clot, and the serum was separated. To analyze histology, the brains of the remaining three mice in each group were removed under transcardial perfusion with heparin (10 U/ml in PBS) and 4% paraformaldehyde (pH 7.4) and were stored in 4% paraformaldehyde solution.

Animal care procedures and experiments were conducted following the guidelines issued by the Institutional Animal Care and Use Committee of Daejeon University (Daejeon, South Korea; Approval No. DJUARB2020-027) and the Guide for the Care and Use of Laboratory Animals published by the United States National Institutes of Health.



Anxiety (Open Field Test) and Depressive-Like Behavioral Tests (Forced Swimming Test and Tail Suspension Test)

The open-field test (OFT) was performed as previously described (Gould et al., 2009). The OFT apparatus was a white square plastic box (40 × 40 × 30 cm), and the center area was distinguished by software. Each mouse was placed in the center area of the field, and the time spent in the center zone and locomotor activity were recorded for 5 min in light condition at 100 lux.

The FST was performed as previously described (Can et al., 2012). The FST apparatus consisted of a plastic cylinder (30 × 30 × 50 cm) filled with tap water at 25 ± 1°C to a depth of 23 cm. Each mouse was allowed to swim for 2 min (pre-test), and the immobility, swimming, and climbing time were recorded for 4 min.

The TST was conducted as previously described (Steru et al., 1985). The TST apparatus consisted of a rectangular box (30 × 30 × 50 cm) with a steel bar on the top. After 2 min (pre-test), each mouse was suspended and subsequently, the immobility and activity duration were recorded for 4 min.

All behaviors were recorded using animal behavior tracking software (Smart 3.0, Panlab SL; Barcelona, Spain). The behavioral tests were performed by researchers who were blinded to the experimental conditions.



Serum Corticosterone Levels

Serum corticosterone levels were measured using an Arbor Corticosterone Enzyme Immunoassay Kit (Ann Arbor, MI, USA) according to the manufacturer’s instructions. The absorbance at 450 nm was measured using a UV spectrophotometer (Molecular Devices, CA, USA).



Immunohistological Analysis of Iba-1 and 5-HT

For cryoprotection, brains were gradually immersed in 10, 20, and 30% sucrose in 24 h intervals and embedded in OCT compound (Leica Microsystems, Bensheim, Germany) with liquid nitrogen. The brains were cut into frozen coronal sections (30 μm) using a Leica CM3050 cryostat and then stored in a free-floating buffer. For immunohistological analysis, the sections were blocked in 5% normal chicken serum (containing 0.3% Triton X-100) for 1 h. After washing, the sections were incubated with primary antibodies against ionized calcium-binding adaptor molecule 1 (Iba-1, 1:200, 019-19741, Wako) or 5-hydroxytryptamine (5-HT, 1:200, ab66047, Abcam) overnight at 4°C. Subsequently, the sections were incubated with goat anti-rabbit IgG HRP (1:400, ab6722, Abcam) or Alexa Fluor® 488 donkey anti-goat IgG H&L (1:400, ab150129, Abcam) secondary antibodies for 2 h at RT. To analyze the Iba-1-positive cells, the sections were incubated with an avidin-biotin-peroxidase complex (VECTASTAIN ABC kit, Vector Laboratories) for 2 h. The peroxidase activity was visualized using a stable diaminobenzidine solution. To analyze the 5-HT-positive signal, the sections were exposed to DAPI (1:1,000, D9542, Sigma) to stain cell nuclei. Immunoreactivity was observed under an Axio-Phot microscope (Carl Zeiss, Germany). The intensity was quantified using ImageJ 1.46 software (NIH, Bethesda, MD, USA).



Statistical Analysis

The data are expressed as the mean ± standard deviation (SD). The statistical significance of differences between groups was evaluated by Kruskal–Wallis H-test with post hoc Mann–Whitney U-test using IBM SPSS statistics software, ver. 25.0 (SPSS Inc., Chicago, IL, USA). A value of p < 0.05 was considered to indicate statistical significance.




RESULTS AND DISCUSSION

Uncontrolled and/or repetitive stress is a key contributor to alterations in brain function, which can give rise to the development of the depressive disorder (Richter-Levin and Xu, 2018). Among stress-derived animal models of depressive disorder, social isolation stress (IS; psychological stress) and UCMS (psychophysiological stress) models have been the most commonly used (Mineur et al., 2006; Ieraci et al., 2016). However, there is a lack of comparative study for animal models between IS and UCMS on depression. In our study, 4-week IS and 4-week UCMS both significantly induced depressive- and anxiety-like symptoms, as shown by behavioral tests, including OFT (p < 0.01 for IS and p = 0.076 for UCMS in time in center, but not in locomotor activity), FST (p < 0.01 for both IS and UCMS in immobility and swimming time) and TST (p < 0.01 for IS in both immobility and activity duration, p < 0.05 and p < 0.01 for UCMS in immobility and activity duration, respectively). Compared to UCMS, IS elicited notably worse depression-like behaviors, as evidenced by all three tests, the OFT, FST, and TST (except locomotor activity, p < 0.05 for all parameters of behavioral tests; Figures 1A–C). These three behavior tests are well suited to assess depression-related symptoms, including anxiety and despair in rodent models (Gregus et al., 2005; Castagne et al., 2011). One previous study revealed that IS showed a more delayed duration of immobility in defensive burying tests than UCMS-subjected rats, but voluntary ethanol intake was the opposite (Vázquez-León et al., 2017). In general, social withdrawal is known to be more strongly associated with depression and suicidal ideation than work-derived stress (Shin et al., 2017). Many clinical studies have found medical impacts of social isolation on psychiatric disorders; for example, there is a high risk of suicide attempts among people living alone and people who are rejected by their families (Welch, 2001; Yadegarfard et al., 2014; Niu et al., 2020). Early solitude in adolescents is associated with emotional dysfunctions, including low self-esteem, self-harm, and suicidal ideation (Hall-Lande et al., 2007; Wang, 2016; Endo et al., 2017).


[image: image]

FIGURE 1. Tests for depressive and anxiety-like behaviors. After exposure to isolation stress (IS) or unpredictable chronic mild stress (UCMS) for 28 days, behavioral tests were consecutively performed. The time spent in the center and locomotor activity in the open field test (OFT; F(2,12) = 15.19 for time spent in the center; p < 0.01, F(2,12) = 2.79 for locomotor activity; A), the immobility, swimming, and climbing time in the forced swimming test (FST; F(2,12) = 56.99 for immobility; p < 0.01, F(2,12) = 138.21 for swimming; p < 0.01, F(2,12) = 8.44 for climbing; B) and the immobility and activity duration in the tail suspension test (TST; F(2,12) = 21.49 for immobility; p < 0.01, F(2,12) = 29.61 for activity; p < 0.01; C) were assessed to analyze depressive and anxiety-like behaviors. The day after the behavioral tests, the levels of corticosterone in serum were evaluated by the enzyme immunoassay method (F(2,12) = 26.27; p < 0.01 for corticosterone; D). The data are expressed as the mean ± SD (n = 5). *p < 0.05 and **p < 0.01 compared to the non-stress group, #p < 0.05 between the two stress groups.



In the stress response, glucocorticoids are secreted through HPA axis activation to cope with dangers within minutes (Sapolsky et al., 2000). Hypersecretion of cortisol is well recognized to be involved in the pathology of depressive disorder (Nandam et al., 2019). In patients with depressive disorder, emotional stress triggers dysregulation of HPA axis function and inhibits cortisol metabolism into cortisone, leading to high levels of cortisol (Wust et al., 2000), while physical stress accelerates cortisol metabolism into cortisone (Heijnen et al., 2016). In the present study, compared to 4 weeks of UCMS, 4-weeks of IS resulted in significantly higher serum levels of corticosterone (p < 0.05; Figure 1D), which may indicate the superiority of IS for modeling emotional stress-related alterations in corticosterone levels. As expected, we also found molecular alterations in serotonergic and microglial activity, as evidenced by immunohistology against 5-HT and Iba-1 (p < 0.05 for both IS and UCMS; Figures 2A,B). It is well-known that chronic social isolation decreases serotonergic activity via upregulated ion channel protein (Sargin et al., 2016). The above findings (low serotonergic activity and microglia-derived neuroinflammation) are typical pathological features of depressive disorder (Strickland et al., 2002). Recently, using a PET imaging study, one group revealed that neuroinflammation in emotional-related brain regions in patients with depressive episodes altered the binding of translocator protein (TSPO) to microglia (Setiawan et al., 2015). Furthermore, several studies have suggested that low serotonin activity may be influenced by microglial activation in depressive disorder (Brites and Fernandes, 2015; Glebov et al., 2015). Our data prove that isolation stress causes greater reductions in serotonin in the dorsal raphe nuclei (DRN) and greater activation of microglia in the hippocampal dentate gyrus (DG) region than UCMS (p < 0.05 and p = 0.072, respectively; Figures 2A,B).
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FIGURE 2. Serotonin levels in the dorsal raphe nuclei (DRN) and microglial activation in the hippocampal dentate gyrus (DG) region. After exposure to isolation stress (IS) or UCMS for 28 days, the brains of mice were prepared for immunohistological analysis. Serotonergic signaling was confirmed by 5-HT immunofluorescence analysis in the DRN (F(2,6) = 25.96; p < 0.01 for 5-HT), microglial activation was identified by Iba-1 immunohistochemical analysis in the hippocampal DG region (F(2,12) = 17.69; p < 0.05 for Iba-1; A), and the signals were semi-quantified (B). The data are expressed as the mean ± SD (n = 3). *p < 0.05 compared to the non-stress group, #p < 0.05 between the two stress groups.



The above results indicate that social isolation more strongly induces depression-related behavior than UCMS. In modern society, individualism is popular, and a large of people are single; these factors are closely associated with a high risk of depressive-like behaviors (Scott et al., 2004; Van Leeuwen et al., 2010). Individuals living alone are known to be vulnerable to depressive disorder (>2-fold more vulnerable than married people; Joutsenniemi et al., 2006). National Psychiatric Morbidity Surveys have shown a proportional relationship between the number of people living alone and the prevalence of mental disorders (Jacob et al., 2019).

Taken together, our results prove the usefulness of isolation stress for developing animal models of depressive disorders. The present study has some limitations, including the relatively small number of sample size in single-gender and only two stress models. Nevertheless, our findings would be also helpful for understanding why interpersonal relationships are important for the prevention of emotional disorders in modern society.
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