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Differential GR Expression and Translocation in the Hippocampus Mediates Susceptibility vs. Resilience to Chronic Social Defeat Stress
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While social stress exposure is a common risk factor for affective disorders, most individuals exposed to it can maintain normal physical and psychological functioning. However, factors that determine susceptibility vs. resilience to social stress remain unclear. Here, the resident-intruder model of social defeat was used as a social stressor in male C57BL/6J mice to investigate the difference between susceptibility and resilience. As depression is often characterized by hyperactivity of the hypothalamic-pituitary-adrenal (HPA) axis, we conducted the present study to further investigate the individual differences in the HPA axis response and glucocorticoid receptor (GR) protein expression and translocation between susceptible mice and resilient mice. We found that hypercortisolemia, induced by social defeat stress occurred in susceptible mice, but not in resilient mice. Moreover, susceptible mice exhibited significantly less GR protein expression and nuclear translocation in the hippocampus than resilient mice. Treatment with escitalopram could decrease the serum corticosterone (CORT), increase GR protein expression as well as nuclear translocation in the hippocampus and ultimately reverse social withdrawal behaviors in susceptible mice. These results indicate that the up-regulation of GR and the enhancement of GR nuclear translocation in the hippocampus play an important role in resilience to chronic social defeat stress.
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INTRODUCTION

Depression is a public health concern associated with high morbidity and mortality (Silva et al., 2014). The prevalence of depression morbidity is increasing (Compton et al., 2006), and by 2020, depression is estimated to be the second most common cause of disability. Historically, to induce depression in animals, various forms of chronic stress have been utilized. The most typical and popular models are chronic social defeat stress and chronic unpredictable stress (Nestler and Hyman, 2010). According to the standardized protocol for repeated social defeat stress in mice published in Nature Protocols, C57BL/6J mice are repeatedly subjected to bouts of social defeat (Golden et al., 2011). Chronic social stress results in serious effects (Fuchs and Flugge, 2002) such as a robust depression-like phenotype marked by passive defense postures, social-avoidance behaviors, anhedonia, anxiety (Kudryavtseva et al., 1991; Rygula et al., 2005), and cognitive dysfunction (Yu et al., 2011). Antidepressants can counteract these depressive-like symptoms (Berton et al., 2006; Rygula et al., 2006a,b). Clinically, depression is often characterized by hyperactivity of the hypothalamic-pituitary-adrenal (HPA) axis (Schuhmacher et al., 2013; Schatzberg, 2015). In animal research, numerous studies also reveal that the HPA axis shows an activated response when rats or mice experience social defeat stress (Pich et al., 1993; Keeney et al., 2006; Razzoli et al., 2009), which can be relieved by antidepressants (Becker et al., 2008). The activation of the HPA axis is controlled by glucocorticoid receptor (GR), acting as a ligand-activated transcription factor, which translocates from the cytosol to the nucleus through a negative feedback mechanism at different levels (McEwen et al., 1992). The expression and translocation of GR has been found to be disturbed in response to stress (Mizoguchi et al., 2003; Raone et al., 2007; Guidotti et al., 2013). These studies reveal that the disturbance of the HPA axis response and GR protein expression and translocation may relevantly correlate with some of the pathological abnormalities observed in depression.

Stress exposure can be differently perceived by individuals and it can have long-term sequelae depending on its level (Franklin et al., 2012). In most cases, human beings resist the development of neuropsychiatric disorders in the face of stress. This is commonly referred to as “resilience.” It is defined as a trait of individuals with the capacity to avoid negative biological, psychological and social consequences of irritable conditions (Russo et al., 2012). Furthermore, recent reports indicate that resilience represents an adaptive process shaping the active functioning of neural circuits to mediate successful coping with stress (Charney, 2004; Feder et al., 2009). In a word, resilient individuals can perceive irritable conditions as minor stress and develop adaptive responses (Del et al., 2011). Thus, there is a question: How do most people manage to maintain normal physiological and psychological function when exposed even to extraordinary levels of stress while others not? Characterizing biological factors associated with more successful coping responses in resilient individuals, surely means a lot to the susceptible ones. According to the standardized protocol for repeated social defeat stress which has been mentioned above, the defeated mice can be classified as susceptible ones that exhibit social avoidance and resilient ones that fail to develop such avoidance (Golden et al., 2011). The behavioral differences make the social defeat model useful in studying individual differences in the face of extreme stress.

Therefore, we conducted the present study to further investigate the individual differences in the HPA axis response and GR protein expression and translocation between susceptible mice and resilient mice. To assess the behavioral abnormalities, we carried out social interaction test; to monitor the HPA axis response, we detected the mRNA expression of the corticotropin-releasing factor (Crf) in the hypothalamus and serum corticosterone (CORT); to evaluate the regulation of HPA axis, the GR protein expression in the hippocampus and hypothalamus as well as the GR protein translocation in the hippocampus were studied. Besides, we also injected susceptible mice with escitalopram, an antidepressant, to observe if it could counteract behavioral abnormalities and the disturbance of the HPA axis response and GR protein expression and translocation in susceptible mice or not.

MATERIALS AND METHODS

Animals

For all experiments, male C57BL/6J mice (7–8 weeks, from Shanghai Laboratory Animal Center, Chinese Academy of Sciences, China) were fed ad libitum, allowed a 1 week habituation period before experimental manipulation, and housed at 23 ± 2°C on a 12 h light/dark cycle (lights on at 07:00). CD-1 retired breeders (male, 8–9 months, from Vital River Laboratories, Beijing, China) were used as the aggressors and were screened every 3 months to ensure their antagonistic interactions. This study was carried out in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals. The protocol was approved by Animal Ethics Committee of Shanghai Medical College, Fudan University, Shanghai, China (20120302-107).

Social Defeat Stress

The social defeat stress was conducted as previously described (Han et al., 2014). Briefly, every C57BL/6J mouse was individually introduced to the home cage of an unfamiliar aggressive CD-1 resident mouse for 5–10 min and exposed to physical defeat, after which it was housed together with the CD-1, but separated by a perforated plastic divider to allow for visual, olfactory and auditory contact for the remainder of 24 h. On the next day, the exposed mouse was transferred into a new cage that resided another unfamiliar aggressive CD-1 mouse. During the whole period of social defeat, these mice were subject to social defeat for 10 consecutive days (exposure to 10 different CD-1 mice). Control mice were kept alone in transparent plastic cages during the 10 days. For each pair of mice, the two transparent plastic cages were placed next to each other. This allowed for visual, olfactory, and auditory contact, without any physical contact. The schematic diagram of the experimental setting is shown in Figure 1A.
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FIGURE 1. The schematic diagram of the experimental process for chronic social defeat stress and social interaction test as well as the social interaction ratio in the social interaction test. (A) The schematic diagram of the experimental process for chronic social defeat stress. (B) The schematic diagram of the experimental process for social interaction test. (C) The experimental procedure of the first experiment. (D) The social interaction rate in the social interaction test [n(Con) = 20; n(Res) = 18; n(Sus) = 20]. All data are shown as mean ± s.e.m. ***P < 0.001. Con, Control; Res, Resilient; Sus, Susceptible.



Drugs

Escitalopram oxalate was obtained from Stru Chem (Suzhou, Jiangsu, P.R. China). After social defeat exposure, all animals were kept alone in home cages during the next 4 weeks with no stress. During the 4 weeks, susceptible mice were injected daily with escitalopram (10 mg/kg) or its vehicle (0.9% NaCl) intraperitoneally. Resilient mice were injected daily with the vehicle and the control mice received no injections.

Social Interaction Test

Social interaction test was performed on day 11 and day 39, in a clean open arena (42 × 42 cm). Each test consisted of two 2.5 min sessions, separated by an interval of 30–60 s. In the first (also called No-Target) session, the C57BL/6J mouse was introduced to the arena with an empty mesh cage (10 × 6 cm) at one of its sides. In the second (Target) session, a mesh cage with an unfamiliar CD-1 mouse replaced the empty cage. Mesh cages allowed for visual and olfactory interactions (but no physical contact) between the test and target mice. The area of 26 × 14 cm, meaning 8 cm around the mesh cage, was defined as the interaction zone (IZ, Figure 1B). The time spent in the IZ was measured. The social interaction rate (SIR) represents the Target session time spent in the IZ divided by the No-Target session time spent in the IZ. Susceptible and resilient mice were segregated based on the SIR: mice with scores < 1 were defined as “susceptible,” and those with scores ≥1 were defined as “resilient.”

Enzyme-Linked Immunosorbent Assay

After social interaction test, blood collection was performed. Mice were anesthetized with ether and blood was withdrawn from retro-orbital plexus using capillary tubes. Blood was collected between 15:00 and 16:00 to avoid possible effects of circadian variations on serum corticosterone levels. Samples were collected into a separator tube and after clot formation, centrifuged at 3,000 × g for 10 min. Serum was extracted and stored at −20°C until use. The concentration of corticosterone was measured with enzyme-linked immunosorbent assay (ELISA) kits (ABCAM, ab108821) following the manufacturer's protocol. According to the sensitivity and precision of the assay, the minimum detectable dose of corticosterone was typically around 0.3 ng/mL and the intra-assay and inter-assay coefficient of variation was 5 and 7.1%, respectively. Each sample was run together with its duplicate. The mean value for each standard and sample is therefore based on two results, and the concentrations of samples were calculated from the standard curve.

Western Blotting

After decapitation, the hippocampus and hypothalamus were quickly dissected and stored at −80°C until use. The hippocampus and hypothalamus were ultrasonically disrupted in RIPA lysis buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfonate, sodium orthovanadate, sodium fluoride, ethylene diamine tetraacetic acid, leupeptin, PMSF] followed by centrifugation at 12,000 × g for 20 min. For cytosolic and nuclear extraction, NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific, #78833) were used following the manufacturer's protocol. The protein level was measured using the Pierce BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA). Samples were separated on 12% acrylamide gels and then transferred onto polyvinylidene fluoride membranes. After blocking with 5% skim milk in tris-buffered-saline with tween (TBST, 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.05% Tween-20) at 4°C for 2 h, the membranes were incubated with the primary antibody, anti-Glucocorticoid Receptor antibody (1:200, ABCAM, ab2768), horseradish peroxidase (HRP)-rabbit-anti-β-Actin (1:1,000, Cell Signal Technology, #12620), or anti-Histone H3 Antibody (1:1,000, Cell Signal Technology, #9715) a 4°C overnight. Then, the blots were washed in TBST and incubated in the appropriate secondary antibody, HRP-goat-anti-mouse IgG (1:10,000, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) or HRP-goat-anti-rabbit IgG (1:10,000, Jackson) at 4°C for 2 h. Western blot images were captured on an ImageQuant LAS4000 Mini Image Analyzer (GE Healthcare, Buckinghamshire, UK) and the band levels were quantified using Quantity One, version 4.62.

Quantitative Real-Time PCR

The hypothalamus was homogenized using Trizol. The total RNA was then reverse-transcribed using iScript™ cDNA Synthesis Kit (Bio-Rad, CA, USA) and the resulting cDNA were analyzed in quantitative polymerase chain reactions (qPCR). SYBR green detection was used according to the manufacturer's protocol (Bio-Rad, CA, USA). The 2−ΔΔCT method was then used to convert ΔCT values to mRNA fold changes relative to the control group. The mRNA level of Crf were normalized with glyceraldehyde-3-phosphatedehydrogenase (GAPDH) mRNA level to exclude effects of varying RNA amounts. Primer sequences are as follows: Mus Crf, forward: GGG AGT CAT CCA GTT GTT T, reverse: GAG CTT ACA CAT TTC GTC C; Mus Gapdh, forward: AAA TGG TGA AGG TCG GTG TG, reverse: AGG TCA ATG AAG GGG TCG TT.

Experimental Procedure

We conducted the first experiment (Figure 1C) to investigate the individual differences in the HPA axis response and GR protein expression between susceptible and resilient mice after exposure to social defeat stress for 10 days. We conducted the second experiment (Figure 4A) to observe, if escitalopram could counteract behavioral abnormalities, HPA axis response and GR protein expression of susceptible mice. We conducted the third experiment (Figure 4A) to study the individual difference of GR protein translocation in the hippocampus between susceptibility and resilience as well as the effect of escitalopram on GR protein translocation in the hippocampus of susceptible mice.

Statistical Analysis

The data are presented as the mean ± standard error (SEM). All statistical analyses were performed and all graphs plotted using the GraphPad Prism 6.01 (GraphPad Software Inc., San Diego, CA, USA). The statistical significance of differences between groups was analyzed with a one-way analysis of variance (ANOVA) followed by the Tukey HSD. The statistical significance level was set at p < 0.05.

RESULTS

Social Interaction Test after Chronic Social Defeat Stress

After exposure to social defeat stress, we carried out social interaction test to differentiate defeated mice. Only ~53% of the defeated C57 mice (n = 38) were classified as susceptible ones (n = 20) that exhibit social avoidance and the rest (n = 18) were identified as resilient ones that fail to develop social avoidance (Figure 1D). Besides, control mice and resilient mice behaved similarly [F(2, 55) = 19.36, p = 0.7982] and both exhibited significantly higher SIR than susceptible mice [F(2, 55) = 19.36, control mice vs. susceptible mice, p < 0.0001; resilient mice vs. susceptible mice, p < 0.0001, Figure 1D]. In our study susceptible mice showed obvious social avoidance, while the behavior of resilient mice resembled this of normal control mice.

Individual Differences in the HPA Axis Response after Chronic Social Defeat Stress

To monitor the HPA axis response, we detected the mRNA expression of Crf in the hypothalamus and serum CORT concentration of mice. After exposure to social defeat stress, susceptible mice showed significantly more Crf mRNA expression than control and resilient mice [F(2, 15) = 19.63, control mice vs. susceptible mice, p < 0.0001; resilient mice vs. susceptible mice, p = 0.0014; control mice vs. resilient mice, p = 0.2539, Figure 2A], and significantly more serum CORT than control mice [F(2, 18) = 3.855, control mice vs. susceptible mice, p = 0.0380; resilient mice vs. susceptible mice, p = 0.7411; control mice vs. resilient mice, p = 0.1551, Figure 2B], which indicated that social defeat stress induced hypercortisolemia in susceptible mice. Despite some gains in Crf mRNA expression and serum CORT concentration in resilient mice, the differences were not significant as compared to control mice. The data demonstrate that HPA axis of resilient mice was activated slightly less than this of susceptible mice.
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FIGURE 2. Chronic social defeat stress induced hypercortisolemia in susceptible mice. (A) mRNA expression of Crf in the hypothalamus of mice after exposure to social defeat stress (n = 6/group). (B) Serum CORT concentration of mice after exposure to social defeat stress (n = 7/group). All data are shown as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001. Con, Control; Res, Resilient; Sus, Susceptible.



Individual Differences in GR Protein Expression after Chronic Social Defeat Stress

After exposure to social defeat stress, resilient mice showed significantly more GR protein expression than control and susceptible mice in the hippocampus [F(2, 18) = 19.18, control mice vs. susceptible mice, p = 0.2382; resilient mice vs. susceptible mice, p = 0.0011; control mice vs. resilient mice, p < 0.0001, Figure 3A]. This result indicates that in response to social defeat stress, there was sufficient GR protein expression in resilient mice. Moreover, susceptible mice showed significantly less GR protein expression than control and resilient mice in the hypothalamus [F(2, 18) = 32.23, control mice vs. susceptible mice, p < 0.0001; resilient mice vs. susceptible mice, p < 0.0001; control mice vs. resilient mice, p = 0.9119, Figure 3B]. These results indicate that susceptible mice exhibited significantly less GR protein expression than resilient mice in the hippocampus and hypothalamus.
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FIGURE 3. GR protein expression were differently regulated in resilient and susceptible mice. (A) GR protein expression in the hippocampus of mice after exposure to social defeat stress (n = 7/group). (B) GR protein expression in the hypothalamus of mice after exposure to social defeat stress (n = 7/group). All data are shown as mean ± s.e.m. **P < 0.01, ***P < 0.001. Con, Control; Res, Resilient; Sus, Susceptible.



Social Interaction Test after 4 Weeks of Treatment

After 4 weeks of treatment, escitalopram alleviated the social avoidance behavior of susceptible mice. However, susceptible mice administered with vehicle still exhibited significantly lower SIR than other groups [F(3, 57) = 5.431, susceptible+saline mice vs. control mice, p = 0.0036; susceptible+saline mice vs. resilient+saline mice, p = 0.0226; susceptible+saline mice vs. susceptible+escitalopram mice, p = 0.0059, Figure 4B]. The data indicate that social avoidance behavior can continue for at least 4 weeks and that escitalopram could counteract the abnormal behavior induced by chronic social defeat stress.
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FIGURE 4. Escitalopram could counteract the social avoidance behavior. (A) The experimental procedure of the second and third experiment. (B) The social interaction rate in the social interaction test after 4 weeks treatment [n(Con) = 20; n(Res+Sal) = 12; n(Sus+Sal) = 13; n(Sus+Esci) = 16]. All data are shown as mean ± s.e.m. *P < 0.05, **P < 0.01. Con, Control; Res+Sal, Resilient+Saline; Sus+Sal, Susceptible+Saline; Sus+Esci, Susceptible+Escitalopram.



The HPA Axis Response after 4 Weeks of Treatment

The Crf mRNA expression in the hypothalamus of susceptible mice subsided 4 weeks after the last social defeat stress [F(3, 19) = 4.191, susceptible+saline mice vs. control mice, p = 0.3006, Figure 5A]. Besides, it is noteworthy that susceptible mice administered with escitalopram exhibited significantly lower Crf mRNA expression than control mice in the hypothalamus [F(3, 19) = 4.191, susceptible+escitalopram mice vs. control mice, p = 0.0129, Figure 5A]. The data indicate that escitalopram can attenuate the Crf mRNA expression in the hypothalamus. Additionally, even though serum CORT of the model groups also decreased to some extent, the serum CORT of susceptible mice administered with vehicle still kept a high level, compared with other groups [F(3, 18) = 10.15, susceptible+saline mice vs. control mice, p = 0.0002; susceptible+saline mice vs. resilient+saline mice, p = 0.0063; susceptible+saline mice vs. susceptible+escitalopram mice, p = 0.0062, Figure 5B].


[image: image]

FIGURE 5. Crf mRNA expression in hypothalamus and serum CORT after 4 weeks treatment. (A) mRNA expression of Crf in the hypothalamus of mice after 4 weeks treatment [n(Con) = 6; n(Res+Sal) = 5; n(Sus+Sal) = 6; n(Sus+Esci) = 6]. (B) Serum CORT concentration of mice after 4 weeks treatment [n(Con) = 7; n(Res+Sal) = 5; n(Sus+Sal) = 4; n(Sus+Esci) = 6]. All data are shown as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001. Con, Control; Res+Sal, Resilient+Saline; Sus+Sal, Susceptible+Saline; Sus+Esci, Susceptible+Escitalopram.



GR Protein Expression after 4 Weeks of Treatment

Susceptible mice administered with escitalopram expressed significantly more GR protein in the hippocampus than those administered with vehicle [F(3, 20) = 23.73, susceptible+escitalopram mice vs. susceptible+saline mice, p < 0.0001], and showed significantly more GR protein expression than control mice to face past distressing events, just like resilient mice [F(3, 20) = 23.73, susceptible+escitalopram mice vs. control mice, p < 0.0001; resilient+saline mice vs. control mice, p = 0.0398, Figure 6A], which indicates that the antidepressant could enhance the GR protein expression in the hippocampus. Combined with the result in Figure 4, this indicates that in response to a bitter memory from the past, such as social defeat, there was sufficient GR protein expression in resilient mice and susceptible ones administered with antidepressant, all of which engaged in active social interaction. However, there were no significant differences of GR protein expression in the hypothalamus [F(3, 20) = 1.002, Figure 6B]. Thus, we next examined the GR protein translocation in the hippocampus by detecting its levels in the cytosolic and nuclear compartments.
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FIGURE 6. Antidepressant could enhance the GR protein expression in hippocampus in susceptible mice. (A) GR protein expression in the hippocampus of mice after 4 weeks treatment (n = 6/group). (B) GR protein expression in the hypothalamus of mice after 4 weeks treatment (n = 6/group). All data are shown as mean ± s.e.m. *P < 0.05, ***P < 0.001. Con, Control; Res+Sal, Resilient+Saline; Sus+Sal, Susceptible+Saline; Sus+Esci, Susceptible+Escitalopram.



Cytosolic and Nuclear Protein Expression of GR in the Hippocampus after Chronic Social Defeat Stress

After exposure to social defeat stress, susceptible mice exhibited significantly more cytosolic GR protein expression than control and resilient mice [F(2, 9) = 17.90, control mice vs. susceptible mice, p = 0.0029; resilient mice vs. susceptible mice, p = 0.0009; control mice vs. resilient mice, p = 0.6774, Figures 7A,B], while resilient mice showed significantly more nuclear GR protein expression than control and susceptible mice in the hippocampus [F(2, 9) = 7.821, control mice vs. susceptible mice, p = 0.6000; resilient mice vs. susceptible mice, p = 0.0104; control mice vs. resilient mice, p = 0.0479, Figures 7A,C]. These results indicate that there was more nuclear translocation of GR in the hippocampus of resilient mice than in that of susceptible mice.
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FIGURE 7. More nuclear translocation of GR in the hippocampus was found in resilient mice than susceptible mice after chronic social defeat stress. (A) Representative western blots showing cytosolic and nuclear protein expression of GR. (B) Quantification of cytosolic protein expression of GR in the hippocampus after chronic social defeat stress (n = 4/group). (C) Quantification of nuclear protein expression of GR in the hippocampus after chronic social defeat stress (n = 4/group). All data are shown as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001. Con, Control; Res, Resilient; Sus, Susceptible.



Cytosolic and Nuclear Protein Expression of GR in the Hippocampus after 4 Weeks of Treatment

There were no significant differences of cytosolic GR protein expression in the hippocampus 4 weeks after the last social defeat stress [F(3, 12) = 0.4462, Figures 8A,B]. However, susceptible mice administered with escitalopram expressed significantly more nuclear GR protein in the hippocampus than those administered with vehicle [F(3, 12) = 8.432, susceptible+escitalopram mice vs. susceptible+saline mice, p = 0.0410] and, similar to resilient mice, showed significantly more nuclear GR protein expression than control mice, [F(3, 12) = 8.432, susceptible+escitalopram mice vs. control mice, p = 0.0019; resilient+saline mice vs. control mice, p = 0.0419, Figures 8A,C]. The data imply that escitalopram could increase nuclear translocation of GR and ultimately reverse social withdrawal behaviors.
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FIGURE 8. Escitalopram could increase nuclear translocation of GR in hippocampus of susceptible mice. (A) Representative western blots showing cytosolic and nuclear protein expression of GR. (B) Quantification of cytosolic protein expression of GR in the hippocampus after 4 weeks treatment (n = 4/group). (C) Quantification of nuclear protein expression of GR in the hippocampus after 4 weeks treatment (n = 4/group). All data are shown as mean ± s.e.m. *P < 0.05, **P < 0.01. Con, Control; Res+Sal, Resilient+Saline; Sus+Sal, Susceptible+Saline; Sus+Esci, Susceptible+Escitalopram.



DISCUSSION

It is worth noting that resilient individuals have a stronger survival instinct and a more active attitude toward coping with extreme stress. As described above, an advantage of chronic social defeat stress is that it can be utilized to study “resilience,” a subset of mice fail to develop behavioral or metabolic disturbances in contrast to susceptible mice. In our study, susceptible mice showed obvious social avoidance which could last at least 4 weeks, while resilient mice displayed normal behavior, similar to unstressed control mice.

As has been reported, coping style in response to stress is associated with how the neuroendocrine systems are activated (Zozulya et al., 2008). Any behavioral abnormalities may be associated with the HPA axis response. In our study, after exposure to social defeat stress for 10 days, susceptible mice showed significantly more Crf mRNA expression than control and resilient mice, and significantly more serum CORT than control mice. And even though the Crf mRNA expression of susceptible mice subsided 4 weeks after the last social defeat stress, the serum CORT in this group still remained at a high level. Increased basal corticosterone levels following chronic stress exposure have been reported in many studies (Sapolsky, 1992; Bartolomucci et al., 2005; Keeney et al., 2006; Schmidt et al., 2007). Similarly to our study, Wood et al. found that rats with reduced CORT release developed proactive resisting behaviors (Wood et al., 2010) after exposure to social defeat stress. However, in contrast to us, they found a decrease in Crf mRNA in susceptible rats, but not in resilient rats, as compared with controls, and so they speculated that the decrease in Crf mRNA may be due to increased translation of Crf mRNA into protein in susceptible rats. Consistent with our results, another recent work (Elliott et al., 2010) revealed a significant increase in Crf mRNA levels in susceptible, but not in resilient mice. They found that the Crf gene was hyper-methylated, which prevented Crf mRNA synthesis in the resilient mice, while DNA methylation levels were decreased at four specific CpGs in the Crf promoter in susceptible mice (Elliott et al., 2010). In the study of Krishnan et al. (2007), daytime levels of serum CORT between control, susceptible and resilient mice were similar on day 11, the possible reason for which may be that the intensity of the social defeat stress of their experiment was much lower than that of our study. However, on day 39, they found that daytime levels of serum corticosterone in resilient mice were significantly higher than in susceptible mice, although neither of them was significantly different from controls, which was very interesting and puzzled us.

In response to stress, glucocorticoids, as a consequence of HPA axis activation, interact with GR which is expressed at high levels in hippocampus and hypothalamus. GR function as transcription factors to mediate negative feedback of HPA axis (Ulrich-Lai and Herman, 2009) to maintain the neuroendocrine systems in balance. In our study, susceptible mice exhibited significantly less GR protein expression than resilient mice in the hippocampus and hypothalamus after exposure to social defeat stress for 10 consecutive days and the alteration in the hippocampus could last for at least 4 weeks. Additional evidence has reported that resilient responses to stress are associated with decreased DNA methylation of the Gr gene, higher levels of GR expression, and greater feedback inhibition of the HPA axis (Weaver et al., 2005), which is consistent with our study, even though low-maternal-care stress early in life was utilized to induce different phenotype in adults, which is different from our study. Aside from that, changes in GR nuclear translocation may also play a vital role in HPA axis hyperactivity in depression (Schmidt et al., 2009; Anacker et al., 2011). In our study, increased nuclear translocation of GR in the hippocampus in resilient mice contributed to reduced activation of the HPA axis and active social interaction. One study (Hartmann et al., 2012b) showed that a certain kind of transgenic mice displayed a more active stress-coping behavior, as well as lower adrenal weights and basal corticosterone levels. These results also hinted to a less vulnerable phenotype and an enhanced negative glucocorticoid feedback within the HPA axis of those transgenic mice, possibly modulated by increased GR sensitivity. Another study (Hartmann et al., 2012a) by the same group revealed that another kind of transgenic mice exhibited high stress vulnerability and enhanced neuroendocrine response to stress, which was possibly mediated by reduced GR sensitivity. Furthermore, we discovered a decreased translocation of GR that could mediate the vulnerable phenotype of susceptible mice in the present study. After all, our susceptible mice appear to match this phenotype. In addition, the GR which is distributed in the limbic system, is also involved in the neural process of emotional responses (Fitzsimons et al., 2013). The down-regulation of GR expression and translocation in hippocampus may not only reflect the maladaptive responses of HPA axis, but is also a likely aspect of the neurobiological component of individual differences in emotionality to stress.

Further, we found that escitalopram could reverse social withdrawal behaviors in susceptible mice. Actually, at the beginning of our experimental study resilient mice were also administered with escitalopram. The data showed no difference in social interaction test between resilient mice administered with vehicle and those administered with escitalopram [F(4, 66) = 4.348, resilient+saline mice vs. resilient+escitalopram mice, p > 0.9999, Supplementary Figure 1]. Thus, in our follow-up experiment, in which we focused on the mechanism responsible for the effect of escitalopram on susceptible mice, we omitted the group of resilient mice treated with escitalopram. Furthermore, we found that escitalopram could decrease the serum CORT, increase GR protein expression and nuclear translocation in the hippocampus in susceptible mice. These results indicate that the attenuation of serum CORT, the up-regulation of GR and the enhancement of GR nuclear translocation in the hippocampus play an important role in resilience to chronic social defeat stress. That is to say, the differential GR protein expression and translocation in the hippocampus could very well be what determines between susceptibility vs. resilience to chronic social defeat stress. In conclusion, resilient and susceptible mice use different coping strategies in the face of stress, which ultimately result in different consequences we can observe.
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