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Abstract

Psychosocial stress is associated with altered immunity, anxiety and depression. Previously we 

showed that repeated social defeat (RSD) promoted microglia activation and social avoidance 

behavior that persisted for 24 days after cessation of RSD. The aim of the present study was to 

determine if imipramine (a tricyclic antidepressant) would reverse RSD-induced social avoidance 

and ameliorate neuroinflammatory responses. To test this, C57BL/6 mice were divided into 

treatment groups. One group from RSD and controls received daily injections of imipramine for 

24 days, following 6 cycles of RSD. Two other groups were treated with saline. RSD mice spent 

significantly less time in the interaction zone when an aggressor was present in the cage. 

Administration of imipramine reversed social avoidance behavior, significantly increasing the 

interaction time, so that it was similar to that of control mice. Moreover, 24 days of imipramine 

treatment in RSD mice significantly decreased stress-induced mRNA levels for IL-6 in brain 

microglia. Following ex vivo LPS stimulation, microglia from mice exposed to RSD, had higher 

mRNA expression of IL-6, TNF-α, and IL-1β, and this was reversed by imipramine treatment. In a 

second experiment, imipramine was added to drinking water confirming the reversal of social 

avoidant behavior and decrease in mRNA expression of IL-6 in microglia. These data suggest that 

the antidepressant imipramine may exert its effect, in part, by down-regulating microglial 

activation.

© 2015 Elsevier Inc. All rights reserved.
*Corresponding author at: College of Dentistry, Division of Biosciences, PO BOX 182357, Columbus, OH 43218-2357, USA, Tel.: +1 
614 688 4629, fax: +1 614 292 6087. 

HHS Public Access
Author manuscript
Brain Behav Immun. Author manuscript; available in PMC 2016 May 01.

Published in final edited form as:
Brain Behav Immun. 2015 May ; 46: 212–220. doi:10.1016/j.bbi.2015.01.016.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Psychosocial stress; Social defeat; Imipramine; Social avoidance; Microglia

1. Introduction

Psychosocial stress stimulates the hypothalamic–pituitary– adrenal (HPA) axis and the 

sympathetic nervous system (SNS), triggering the release of catecholamines, glucocorticoids 

and pro-inflammatory cytokines such as interleukin (IL)-6, (IL)-1, and tumor necrosis factor 

(TNF)-α. Activation of neuroendocrine and autonomic pathways has a profound impact in 

physiological responses in both humans and rodents (Blanchard et al., 2001; Kiecolt-Glaser 

and Glaser, 2002; Kinsey et al., 2007). Converging translational evidence suggests that 

psychosocial stress-induced, peripheral immune dysregulation and neuroinflammation, 

contribute to the development of depressive-like and anxiety-like behaviors (Voorhees et al., 

2013; Wohleb et al., 2011, 2013, 2014). Pro-inflammatory cytokines such as IL-6, IL-1β, 

and TNF-α modulate neuronal activity (Ozaktay et al., 2006). Likely, stress-induced 

neuroinflammatory signaling increases neuroplasticity that can lead to modification in the 

connectivity between neurons and neuronal circuits underlying behavioral disorders such as 

prolonged anxiety and depressive symptoms (Koo and Duman, 2008; Koo et al., 2010; 

Elliott et al., 2010; Christoffel et al., 2011).

The clinically relevant psychosocial stress model of repeated social defeat (RSD), promotes 

brain region-specific activation of brain CD11b+ cells (microglia/macrophages) that leads to 

anxiety-like behavior. In addition, microglia isolated from socially defeated mice have high 

levels of IL1-β mRNA expression and reduced levels of glucocorticoid responsive genes 

(glucocorticoid-induced leucine zipper (GILZ) and FK506 binding protein-51 (FKBP51) 

(Wohleb et al., 2011). Furthermore, microglia isolated from these mice and cultured ex vivo 

produced increased levels of IL-6, TNF-α, and monocyte chemoattractant protein-1 

(MCP-1/CCL-2) following mitogen-stimulation with lipopolysaccharide (LPS) compared to 

microglia from home cage controls (Wohleb et al., 2011). RSD enhances reactivity of 

microglia and macrophages in a brain-dependent manner. In a previous study we determined 

reactivity of microglia and macrophages through Iba-1 staining in the medial amygdala, pre-

frontal cortex (PFC), and paraventricular nucleus of the hypothalamus, after 6 days of RSD. 

These findings showed that social defeat enhanced the active microglia phenotype in several 

areas of the brain associated with fear and threat appraisal, after 6 days of RSD (Wohleb et 

al., 2011). Iba-1 labeling of microglia and increased Iba-1 proportional area was detected in 

the PFC at .5, 8, and 24 days after RSD. Additionally, immunoreactivity was also detected 

in the amygdala, hippocampus (HPC)-cornu ammonis 3 (CA3), and HPC-dentate gyrus at .5 

and 8 days after RSD, but no longer was detected by 24 days. These data suggest that 

microglia return to a surveying state after RSD, in a time-dependent manner (Wohleb et al., 

2014).

Clinical and experimental approaches indicate that antidepressants attenuate brain 

expression of pro-inflammatory cytokines and evoke neuroprotective and 

immunomodulatory effects (Sluzewska et al., 1995; Xia et al., 1996; Yirmiya et al., 2001; 

Castanon et al., 2002; Hashioka et al., 2007; Hwang et al., 2008). In clinical studies, the 
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therapeutic effects of antidepressants seem to be related to the immune status of depressed 

patients when treatment is initiated. For example, when depressed patients had enhanced 

immune activation, antidepressants attenuated secretion of cytokines. Elevated plasma levels 

of IL-6 in patients suffering from acute depression were reduced when these patients were 

treated with fluoxetine, a selective serotonin reuptake inhibitor (Sluzewska et al., 1995). 

Antidepressants also normalized increased counts of monocytes, leukocytes and neutrophils 

in depressed patients (Seidel et al., 1996; Maes et al., 1997). Conversely, when immunity 

was not altered in depressed patients at the initiation of treatment, antidepressants had no 

effects on immune function.

In animal models, imipramine (a tricyclic antidepressant) and fluoxetine produce immune 

suppression and anti-inflammatory effects by suppressing the production of cytokines such 

as TNF-α, IL-1β, and IL-6 by glial cells (Ha et al., 2006; Lim et al., 2009; Liu et al., 2011). 

Imipramine inhibited interferon (IFN)-γ stimulated microglial production of IL-6 and nitric 

oxide (Hashioka et al., 2007), and TNF-α production in microglia and astrocyte cultures 

(Hwang et al., 2008). In addition to the effects on immune function, antidepressants can also 

modulate behavior. Specifically, imipramine treatment ameliorated LPS-induced depressive-

like behavior in rats, decreased anhedonia, anorexia, weight loss, reduced social, locomotor, 

and exploratory behaviors (Yirmiya, 1996; Yirmiya et al., 2001). In mice subjected to social 

stress, 28 days of chronic administration of fluoxetine or imipramine, but not acute 

administration (1 day), improved social interaction in the social avoidance behavioral test 

(Berton et al., 2006; Tsankova et al., 2006).

Recent findings from our laboratory showed that RSD promotes long-lasting microglial 

activation associated with social avoidance behavior, which is maintained for at least 24 

days after cessation of RSD (Wohleb et al., 2014). Thus, we aimed to determine: (1) if 

imipramine treatment reversed RSD-induced social avoidance behavior and (2) if the stress-

induced neuroinflammatory profile, maintained at 24 days after RSD, was attenuated with 

imipramine treatment.

2. Materials and methods

2.1. Animals

Male C57BL/6 (6–8 weeks old) and CD-1 (12 months, retired breeders) mice were obtained 

from Charles River Breeding Laboratories (Wilmington, Massachusetts) and allowed to 

acclimate to their surroundings for 7–10 days before initiation of experimental procedures. 

C57BL/6 mice were housed in cohorts of three and CD-1 mice were singly housed and 

maintained at 21 °C under a 12:12 h light: dark cycle with ad libitum access to water and 

rodent chow in the animal facility at The Ohio State University. All procedures were in 

accordance with the NIH Guidelines for the Care and Use of Laboratory Animals and were 

approved by the Ohio State University Institutional Laboratory Animal Care and Use 

Committee.

2.2. Repeated social defeat (RSD)

RSD was performed as described previously (Wohleb et al., 2011). Briefly, an intruder male 

CD-1 mouse was introduced into home cages of male C57BL/6 mice (three per cage) for 2 h 
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on 6 consecutive nights. Behavior was observed to make certain that the intruder was 

aggressive. If the intruder did not initiate an attack within 5–10 min or was attacked by 

resident mice, a new intruder was introduced. At the end of the 2 h the intruder was removed 

and the resident mice were left undisturbed until the next day when the same paradigm was 

repeated. During RSD, resident mice display submissive behaviors such as upright posture, 

fleeing, and crouching (Avitsur, 2001; Stark et al., 2001; Hanke et al., 2012). Home cage 

control (HCC) cohorts were left undisturbed in a separate room.

2.3. Pharmacological treatments and administration procedures

C57BL/6 mice subjected to RSD and HCC were randomly selected for inclusion into 

different experimental treatment groups. The groups were: RSD/imipramine, RSD/vehicle, 

HCC/imipramine, and HCC/vehicle. Mice in the RSD/imipramine received daily 

intraperitoneal (i.p.) injections of imipramine (20 mg/kg) for 24 days after the 6 cycles of 

RSD. HCC/imipramine received daily i.p. imipramine at the same dose while RSD/vehicle 

and HCC/vehicle groups received i.p. injections of vehicle (sodium chloride, 0.9%) for 24 

days at the same time point (Fig. 1A). This dose and timing was chosen since previous 

studies had shown that chronic (4 weeks) but not acute (1 day) imipramine treatment after 

social defeat, at this concentration, reversed social avoidance behavior in C57BL/6 mice 

(Berton et al., 2006; Tsankova et al., 2006). Additionally, we had previously shown social 

avoidance behavior was still present 24 days after RSD (Wohleb et al., 2014). Therefore, 

based on these studies, we decided to treat the animals for 24 days after the last cycle of 

RSD to assess if there was a reversal of social avoidance. The day after the last injection of 

imipramine the interaction and avoidance toward an unfamiliar CD-1 mouse was measured.

2.4. Social avoidance test

Social avoidance behavior was determined as previously described (Wohleb et al., 2014). In 

brief, the social avoidance test consists of two trials. In the first trial, an experimental mouse 

was placed into the arena with an empty wire mesh cage and activity was recorded for 2.5 

min. In the second trial, the experimental mouse was placed in the arena with an unfamiliar 

CD-1 mouse in the wire mesh cage and activity was recorded for the same amount of time. 

Time in the interaction zone and time spent in the corners was video-recorded and analyzed 

using Noldus EthoVision Software (Leesburg, Virginia) (n = 12–15 per group).

2.5. Splenocyte isolation and culture conditions

Spleens from experimental and control mice were aseptically removed and mechanically 

disrupted in 5 ml of ice-cold Hanks balanced salt solution (HBSS) using a Model 80 

Biomaster Lab System Stomacher (Seward, Riverview, FL) as previously described 

(Avitsur, 2001 and Stark et al., 2001). The homogenized solution was centrifuged at 4 °C 

and 1800 rpm for 8 min. The supernatant was discarded and red bloods cells from the 

resulting pellet were lysed with 1 ml of room temperature red blood cell lysis buffer (4.4 g 

NH4Cl, 0.5 g KHCO3, 0.019 g EDTA, 500 ml distilled H2O) for two minutes followed by 5 

ml HBSS + 10% heat-inactivated fetal bovine serum (FBS) to neutralize the lysis reaction. 

The solution was filtered through a 70 μm pore nylon filter and centrifuged at 4 °C at 1800 

rpm for 8 min. The supernatant was discarded and the resulting pellet was resuspended (2.5 
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× 106 cells/ml) in 5 ml of supplemented RPMI medium (10% heat-inactivated FBS, 0.075% 

sodium bicarbonate, 10 mM HEPES buffer, 100U/ml penicillin G, 100 μg streptomycin 

sulfate/ml, 1.5 mM L-glutamine, and 0.00035% 2-mercaptoethanol). Cell counts were 

obtained using a Z2 Coulter Counter (Beckman-Coulter, Brea, CA). During processing, all 

solutions were kept on ice. Cells were plated at a concentration of one million cells per well. 

One million cells were resuspended in 1 ml of 10%/FBS/RPMI. Total splenocytes were 

harvested at this concentration for RNA isolation using TRIzol® reagent (Invitrogen Inc.) (n 

= 6 per group).

2.6. Splenocyte RNA isolation and Real time PCR

Samples were centrifuged at 4 °C and 12,000g for 10 min. Supernatant was collected and 

each sample received 200 μl of chloroform, followed by vortexing and centrifugation at 

12,000g for 15 min. The upper aqueous phase was decanted into a fresh tube, to which 

isopropanol was added to precipitate the RNA. This solution was centrifuged at 12,000g for 

10 min, supernatant was removed, and the resulting pellet was washed with 1 ml 75% EtOH 

to remove residual protein. The pellet was resuspended in 20 μl nuclease free water. RNA 

concentration was measured by spectrophotometry (Implen, Westlake Village, CA) and 

RNA was reverse transcribed to cDNA using a High Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems, Foster City, CA). Quantitative PCR was performed using a 

Taqman Gene Expression Assay to observe for potential changes in expression of IL-6, 

TNF-α, and IL-1β. Expression was analyzed using an ABI Prism 7000 Sequence Detection 

System (Applied Biosystems; Foster City, CA) using the 2–ΔΔ Ct method with 

normalization glyceraldehyde-3 phosphate dehydrogenase (GAPDH) (n = 6 per group).

2.7. Isolation of microglia

Isolation of microglia was performed from whole-brain homogenates as described 

previously (Henry et al., 2008, 2009; Wynne et al., 2010; Wohleb et al., 2011). Briefly, 

brains were homogenized in HBSS, pH 7.4, by mashing the brain through a 70 μm nylon 

mesh cell strainer. The homogenates were centrifuged at 500×g for 6 min at 10 °C. 

Supernatants were decanted and the pellets were resuspended in 70% isotonic Percoll (GE 

Healthcare, Pittsburgh, PA) at room temperature. A Percoll density gradient was layered in 

this manner: 70%, 50%, 35%, and 0% isotonic Percoll. The gradient was centrifuged at 

2000×g for 20 min at 10 °C and microglia was taken by aspirating the interphase between 

the 50% and 70% Percoll layers (Frank et al., 2006; Nair et al., 2007; Wohleb et al., 2011). 

The retrieved cells were washed and resuspended in sterile HBSS and centrifuged at 600×g 

for 6 min at 10 °C. The supernatant was decanted and viable cells were counted using 0.1% 

trypan blue staining in an automated cell counter (Luna-FL™ dual fluorescence cell 

counting, Logos Biosystems, Annandale, VA). Each brain yielded approximately 6.5 × 105 

cells. Previous studies (Henry et al., 2009; Wynne et al., 2010) demonstrate that viable cells 

isolated from brain homogenates through this protocol yields >90% microglia.

2.8. RNA isolation and real-time PCR

RNA from Percoll-isolated microglia was extracted with the RNeasy plus mini-kit 

(Qiagen®). RNA concentration was assessed by a spectrophotometer (Eppendorf, Hamburg, 
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Germany). RNA was reverse transcribed to obtain cDNA with the High Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems)® and quantitative PCR was done using the 

Applied Biosystems® by Life Technologies Assay-on-Demand Gene Expression protocol as 

previously described (Godbout et al., 2005; Wohleb et al., 2011). Briefly, amplification of 

cDNA was accomplished by real-time PCR. A target cDNA (IL-6, IL1β, and TNF-α) and a 

reference cDNA (glyceraldehyde-3-phosphate dehydrogenase) were amplified at the same 

time using an oligonucleotide probe with fluorescent reporter dye (FAM). An ABI PRISM® 

7300-sequence detection system (Applied Biosystems® by Life Technologies, Grand Island, 

New York) was used to determine fluorescence. Data were analyzed by the comparative 

threshold cycle and the results are given as the fold difference detected (n = 6 per group).

2.9. Flow cytometry

Staining of microglia surface antigens was performed as previously described (Henry et al., 

2008, 2009 and Wohleb et al., 2011). In brief, Fc receptors were blocked with anti-CD16/

CD32 antibody (eBioscience, San Diego, CA). The cells were then incubated with anti-

CD11b-APC, anti-CD45-FITC, and anti-MHC-II-PE antibodies (eBioscience, San Diego, 

CA). Expression of these surface receptors was determined using a Becton-Dickinson 

FACSCalibur™ four-color cytometer. Ten thousand events were recorded and microglia 

were identified by CD11b+ and CD45low expression (Nair and Bonneau, 2006). For each 

antibody, gating was determined based on appropriate isotype-stained controls. Flow data 

were analyzed using FlowJo software (Tree Star, San Carlos, CA).

2.10. Ex vivo microglia and cytokine measurement by real-time PCR and ELISA

Microglia were stimulated ex vivo with LPS as described previously (Wohleb et al., 2011). 

In brief, microglia isolated by Percoll gradient separation were counted and plated on poly-L-

lysine-coated 96-well plates. Cells were placed in complete RPMI containing 10% heat 

inactivated fetal bovine serum, 0.075% sodium bicarbonate, 10 mM HEPES buffer, 

100U/ml penicillin G, 100 μg/ml streptomycin sulfate, 1.5 nM L-glutamine, and 0.0035% 2-

mercaptoethanol. Cells were then stimulated with 400 nanograms/ml LPS (Sigma-Aldrich®, 

St. Louis, MO), for 18 h and incubated at 37 °C in 5% CO2 and controls were left 

unstimulated at same time point and temperature. After cell harvesting, the gene expression 

of pro-inflammatory cytokines (IL-6, IL-1β, TNF-α) was measured using real time-PCR as 

described above. Supernatants were collected and the concentration of IL-1 β was detected 

using Quantikine ELISA Mouse IL-1β/IL-1F2 (R&D Systems™, Minneapolis, MN) (n = 4–

6 per group).

2.11. Pharmacological treatment in drinking water

The experiment was repeated for social avoidance behavior and detection of pro-

inflammatory cytokines in microglia, and modified by giving experimental mice imipramine 

(15 mg/kg) in their drinking water. The dose of imipramine was based on a previous study 

with C57BL/6 mice, in which chronic administration at 15 mg/kg in drinking water 

effectively increased sucrose and water intake, as well as enhanced home-cage and novelty 

exploration activities in naïve animals (Strekalova et al., 2013). C57BL/6 mice cohorts 

subjected to RSD and HCC were randomly selected for inclusion into the four different 
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experimental treatment groups as described in Section 2.3. Mice in the RSD/imipramine 

group were treated with imipramine in the drinking water for 24 days after the 6 cycles of 

RSD. HCC/imipramine were also given the same treatment at the same dose at this time 

point. Animals in the RSD/vehicle and HCC/vehicle groups drank untreated water 

throughout the experiment (Fig. 3A) (n = 8–9 per group).

The amount of water consumed for each cage was registered daily throughout the 

experiment (from Day 0 to Day 35). The calculation of the concentration of imipramine in 

drinking water was based on the evaluated mean volume of daily water consumption, 

assessed by weighing the bottles daily (from Day 0 to Day 6). An average of 9.0 ml per 

day/per cage intake was calculated. Water consumption in the four groups of mice was in 

fact similar. Based on this average, the desirable dosage of treatment (15 mg/kg/day) was 

established.

3. Statistical analysis

The data were subjected to Shapiro–Wilk tests to ensure a normal distribution using SPSS 

Statistics version 21. Data are expressed as means ± SEM. In order to determine significant 

main effects and interactions between variables, data were subjected to one-way (trial, 

stress, imipramine), two-way (trial × stress); (trial × imipramine); (stress × imipramine) or 

three-way (trial × stress × imipramine); (stress × imipramine × LPS) analysis of variances 

(ANOVAs). When appropriate, differences between treatment group means were analyzed 

by an F-protected t test using the least-significant difference method. In all cases, the level 

of significance was set at p ≤ .05.

4. Results

4.1. Imipramine reversed RSD-induced social avoidance behavior

Since RSD promotes long-lasting social avoidance behavior that is maintained for at least 24 

days after RSD cessation (Wohleb et al., 2014), our aim was to determine in this experiment 

if stress-induced social avoidance behavior could be reversed in mice exposed to RSD with 

imipramine treatment. Mice were subjected to 6 cycles of RSD or left undisturbed (HCC) 

and subsequently treated chronically with daily i.p. injections of imipramine or vehicle for 

24 days. At 24 days after RSD, social avoidance was determined using a two-trial 

interaction paradigm with an empty social target trial (Trial 1) followed by a social target 

trial (Trial 2). Fig. 1B shows that mice in the control group treated with either vehicle or 

imipramine increased time spent in the interaction zone (p < 0.05 for both) when a social 

target was introduced in the second trial (main effect trial; F(1,28) = 14.53, p < 0.01; main 

effect imipramine; F(1,28) = 0.7, p > 0.05; trial × imipramine interaction; F(1,28) = 0.0006, p 

= 0.98). Time spent in the interaction zone was significantly decreased in RSD mice treated 

with vehicle (p < 0.01), when an aggressor was introduced in the social trial (main effect 

stress; F(1,55) = 9.62, p < 0.01; main effect imipramine; F(1,55) = 4.41, p < 0.05; stress × 

imipramine; F(1,55) = 5.22, p < 0.05) and this was reversed with imipramine treatment (trial 

× stress × imipramine interaction; F(1,55) = 4.90, p = 0.03). Fig. 1C shows that there were no 

differences between the control treatment groups in the time spent in corners (p = 0.39), 

however, during the social trial RSD mice treated with vehicle spent more time in the 
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corners and less time in the interaction zone (p < 0.01) (main effect stress; F(1,55) = 9.62, p < 

0.01; main effect imipramine; F(1,55) = 4.41, p < 0.05; stress × imipramine; F(1,55) = 5.22, p 

< 0.05). Together, these data indicate that imipramine reversed stress-induced social 

avoidance behavior.

4.2. RSD enhanced TNF-α, IL-6 and IL1-β expression in total splenocytes 24 days after 
stress cessation

In this experiment we sought to determine if RSD increased pro-inflammatory cytokine 

production by total spleen cells 24 days after cessation of stress (Table 1). TNF-α relative 

gene expression was significantly enhanced in total splenocytes of RSD mice treated with 

vehicle in comparison to HCC and RSD mice treated with imipramine (p < 0.05); (main 

effect stress; F(1,23) = 11.81, p < 0.01; main effect imipramine; F(1,23) = 8.53, p < 0.01). 

Stress induced the relative gene expression of IL-6 (main effect stress; F(1,23) = 14.08, p < 

0.01) and a trending decrease of the expression of this cytokine was observed in RSD mice 

treated with imipramine (main effect imipramine; F(1,23) = 3.74, p = 0.065). Likely, RSD 

mice had increased levels of IL1-β in total spleen cells (effect of stress; F(1,23) = 15.08, p < 

0.01), and a trending decrease of expression was detected with imipramine treatment in RSD 

mice (effect of imipramine; F(1,23) = 3.16, p = 0.088). In sum, RSD promoted the mRNA 

expression of pro-inflammatory cytokines 24 days after stress cessation in total splenocytes, 

and imipramine partially attenuated the production of IL-6 and IL-1β in these cells.

4.3. Imipramine ameliorates RSD-induced over expression of IL-6 in microglia

To elucidate if the RSD-induced neuroinflammatory profile at 24 days after RSD was 

attenuated by imipramine treatment, gene expression of three major pro-inflammatory 

cytokines, IL-6, IL1-β, and TNF-α was examined in microglia (Table 2). Increased relative 

gene expression of IL-6 was maintained at 24 days after cessation of RSD in mice treated 

with vehicle (main effect stress; F(1,23) = 25.20, p < 0.01 and main effect imipramine; F(1,23) 

= 18.34, p < 0.01). Imipramine attenuated relative gene expression of IL-6 (stress × 

imipramine interaction; F(1,23) = 4.91, p = 0.04). There were no differences in TNF-α and 

IL-1β relative gene expression at 24 days between the RSD and control groups (p > 0.05 for 

both). These data suggest that imipramine may reduce long-lasting RSD-induced 

neuroinflammation by decreasing gene expression of IL-6.

4.4. Imipramine attenuates RSD-induced reactivity of microglia to LPS stimulation

We had previously reported that microglia isolated from RSD mice and cultured ex vivo 

produced markedly higher levels of pro-inflammatory cytokines (IL-6 and TNF-α) 

compared to HCC (Wohleb et al., 2011), after 6 cycles of RSD. Therefore, the objective of 

the next experiment was to determine if microglia from RSD mice have increased reactivity 

after LPS stimulation 24 days after RSD cessation, and determine if imipramine treatment 

reduced microglia response to LPS stimulation. To address this objective, brains were 

collected at 24 days after RSD. Microglia were collected by Percoll gradient separation and 

cultured ex vivo. Microglia were plated in growth media, in a 96-well tissue culture plate at 

1 × 105 cells per well. Cells were incubated with LPS and supernatants and cells were 

collected 18 h later. Relative gene expression of IL-1β, IL-6, and TNF-α was determined 
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from these cells. Stimulation with LPS induced higher gene expression of IL-1β, IL-6, and 

TNF-α (Table 3) in microglia from RSD mice treated with vehicle, 24 days after RSD 

cessation (main effect stress; F(1,41) = 9.2, p < 0.01, F(1,42) = 6.2, p = 0.02,F(1,40) = 5.6, p = 

0.02, respectively), and this over expression was reduced with imipramine treatment (stress 

× imipramine × LPS interaction; F(1,41) = 4.4, p = 0.04 for IL-1β, F(1,42) = 5.58, p = 0.02 for 

IL-6, and F(1,40) = 5.25, p = 0.03 for TNF-α). Fig. 2 shows increased protein levels of IL1-b 

in supernatants of RSD mice treated with vehicle after LPS stimulation compared to all the 

other mitogen-stimulated groups (p < 0.01 between each group), meaning that imipramine 

reversed the exaggerated response to mitogen-stimulation (stress × imipramine × LPS 

interaction; F(1,41) = 17.00, p < 0.01). Collectively, these data suggests that RSD microglia 

are more reactive and have an increased response to a subsequent inflammatory stimuli, 

even 24 days after the RSD.

4.5. Treatment with imipramine in the drinking water reversed stress-induced social 
avoidance behavior

In order to confirm the reversal of RSD-induced social avoidance behavior with imipramine 

treatment, the drug was diluted in the animal's drinking water. Animals from the RSD/

imipramine group were given imipramine (15 mg/kg) daily via drinking water, for 24 days 

after 6 cycles of RSD. HCC/imipramine group started the same treatment at this time point 

and dose, while RSD/vehicle and HCC/vehicle groups drank plain water throughout the 

whole experiment. Social avoidance was determined using the two-trial interaction paradigm 

with an empty social target trial followed by a social trial. Mice in the control group treated 

with either vehicle or imipramine showed no differences between the first and second trial in 

the interaction zone when a social target was introduced in the second trial (main effect trial, 

F(1,28) = 0.25, p = 0.62; trial × imipramine interaction, F(1,28) = 0.13, p = 0.72). Time spent 

in the interaction zone was significantly decreased in RSD mice treated with vehicle (p < 

0.01), when an unfamiliar CD-1 mouse was introduced in the social trial (main effect stress; 

F(1,28) = 5.76, p < 0.05; stress × imipramine interaction; F(1,28) = 4.69, p < 0.05; trial × 

stress interaction; F(1,28) = 15.7, p < 0.01) and was reversed with imipramine treatment in 

the drinking water (trial × stress × imipramine interaction; F(1,28) = 10.97, p < 0.01) (Fig. 

3B). There were no differences between the groups in time spent in the corners between trial 

1 and trial 2 (main effect stress; F(1,28) = 0.02, p > 0.05; main effect imipramine; F(1,28) = 

0.27, p > 0.05; stress × imipramine interaction; F(1,28) = 0.28, p > 0.05 (Fig. 3C).

4.6. Imipramine in the drinking water reduced RSD-induced IL-6 relative gene expression 
in microglia

Relative gene expression was determined in animals treated with imipramine (15 mg/kg) in 

the drinking water (Table 4). RSD markedly increased relative gene expression of IL-6 in 

microglia 24 days after stress cessation (main effect stress; F(1,32) = 10.11, p < 0.01), and 

this was decreased with imipramine treatment diluted in the drinking water (stress × 

imipramine interaction; F(1,32) = 12.44, p < 0.01). TNF-α relative gene expression was 

increased in the RSD/vehicle group compared to HCC of either groups (main effect stress; 

F(1,32) = 10.06, p < 0.01), nonetheless there was no difference when compared to RSD/

imipramine group (main effect imipramine; F(1,32) = 2.34, p = 0.14). An increased relative 

gene expression level of IL-1β was present in the RSD groups treated with vehicle and 
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imipramine (main effect stress; F(1,32) = 11.46, p < 0.01, main effect imipramine; F(1,32) = 

0.83, p = 0.37) compared to HCC.

5. Discussion

The present study provides evidence that chronic treatment with imipramine by i.p. injection 

(20 mg/kg) or by oral administration (in drinking water) (15 mg/kg), caused reversal of 

stress-induced social avoidance behavior. Imipramine inhibits the reuptake of serotonin, a 

neurotransmitter that plays a pivotal role in aggressive and socioaffective appraisal cues 

(Challis et al., 2014). An increase in serotonin, by pharmacological manipulation in several 

species, promotes socioaffective stimuli, whereas depletion of serotonin negatively shifts 

social responses to avoidance and aggressive behaviors (Canli and Lesch, 2007; Passamonti 

et al., 2012).

We had previously shown that 24 days after RSD cessation markers of immune alterations 

associated with RSD, such as splenomegaly, plasma IL-6, and the number of circulating 

CD11b+ cells returned to control levels. Moreover, brain macrophage population returned to 

control levels by 24 days after RSD. IL-1β and TNF-α mRNA levels returned to baseline by 

24 days, nonetheless IL-6 mRNA level was still elevated at 24 days (Wohleb et al., 2014). In 

the present follow-up series of experiments, in parallel to the behavior, RT-qPCR analysis 

showed that imipramine either administered by i.p. injection or orally, significantly reduced 

stress-induced expression of IL-6. One of the ways imipramine may be attenuating stress-

induced neuroinflammatory signaling is the fact that microglia have serotonin receptors. It 

has been suggested, that physiological concentrations of serotonin are required to have a 

balance, low intracellular levels of serotonin are required for a reduced production of pro-

inflammmatory cytokines (Kenis and Maes, 2002). Furthermore, one of imipramine's 

mechanism of medicinal action is antagonizing adreno-receptors, hence its anti-anxiety 

properties. Previous work has demonstrated that RSD triggered anxiety-like behavior and 

enhanced the inflammatory state in the periphery and in the central nervous system in a β-

adrenergic dependent manner (Hanke et al., 2012; Wohleb et al., 2011). Pretreatment of 

RSD mice with propranolol, a nonselective adrenergic receptor antagonist, blocked RSD-

induced microglia/macrophage activation and social defeat-induced anxiety, as well as 

expression of c-Fos in brain regions associated with fear and threat appraisal (Wohleb et al., 

2011). It is plausible that imipramine may be antagonizing directly the activation of these 

adrenergic receptors and decreasing pro-inflammatory cytokine production. Moreover, a 

number of in vivo studies have suggested that antidepressants increase intracellular levels of 

cAMP in immune cells, through activation of monoamine receptors (Xia et al., 1996; Edgar 

et al., 1999). As a result, pharmacological enhancement of cAMP dampens the expression of 

pro-inflammatory cytokines (Benbernou et al., 1997; Brideau et al., 1999; Eigler et al., 1998; 

Platzer et al., 1999) by inhibiting the protein kinase A (PKA) pathway (Xia et al., 1996; 

Hashioka et al., 2007).

In agreement with another study (Yirmiya et al., 2001), imipramine blunts inflammatory 

activation of microglia but may not fully suppress pro-inflammatory cytokine production in 

total splenocytes. Microglia from RSD mice treated with imipramine failed to produce 

exaggerated levels of pro-inflammatory cytokines IL-6, IL-1β, TNF-α, ex vivo, after LPS 
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stimulation, compared to RSD mice treated with vehicle. As a matter of interest, there was 

still a pro-inflammatory phenotype in total splenocytes, 24 days after stress cessation. 

Imipramine failed to fully attenuate mRNA expression of pro-inflammatory cytokines in 

total splenocytes. It is plausible, that microglia are more sensitive to the anti-inflammatory 

effect of imipramine than splenocytes. There is evidence that shows a different regulation 

and responsiveness to LPS administration in central and peripheral cytokine production 

(Yirmiya et al., 2001).

Microglia from RSD mice, have long-lasting enhanced sensitivity to inflammatory 

challenges and an amplified response to external stimuli. Several lines of evidence indicate 

that antidepressants can negatively regulate LPS-induced nuclear translocation of NF-κβ p65 

subunit (Obuchowicz et al., 2014) in microglia. It has been reported that imipramine can 

shift the balance in the production of pro-inflammatory cytokines such as TNF-α and IL1-β 

toward IL-10, an anti-inflammatory cytokine, and can suppress LPS-stimulated cytokine 

release even at very low concentrations in rat glial cultures (Obuchowicz et al., 2014). It has 

also been found that imipramine reduced the production of IL1-β, TNF-α in LPS-activated 

murine BV2 microglia cells (Hwang et al., 2008). Imipramine added to culture medium of 

LPS-stimulated mixed glial cells prevented morphological alterations induced by LPS and 

transformed microglia cells into cells with a neuron-like morphology (Obuchowicz et al., 

2014).

Microglia and brain macrophages directly influence neurophysiology and behavior via 

cytokines and other secondary mediators. Pro-inflammatory cytokines enhance anorexia, 

weight loss, and sleep alterations in animal models (Kelly et al., 1997), as well as decrease 

interest in social exploration (Castanon et al., 2002). Hence, the present results confirm the 

beneficial anti-inflammatory properties of antidepressants and the effect on preventing glial 

activation and decreasing expression of pro-inflammatory molecules. In concert, the anti-

inflammatory effect of antidepressants is associated with neuroprotection against cell death 

in microglia/neuron co-cultures (Hwang et al., 2008).

Nowadays it has been postulated that neuroinflammatory signaling plays a crucial role in the 

development of anxiety and depression. Pro-inflammatory cytokines can modify 

neurogenesis in the hippocampus (Koo and Duman, 2009) and affect mood. In contrast, 

treatment with antidepressants stimulates hippocampal neurogenesis and could potentially 

block atrophy and damage caused by repeated stress (Van Bokhoven et al., 2011). Evidence 

indicates that circulating levels of IL-6 are associated with behavioral deficits and 

depressive-like behavior (Voorhees et al., 2013). Likewise, NF-κβ signaling, is essential to 

show deficits in social aversion (Christoffel et al., 2011). Taken together, our data suggest 

that the long-lasting stress-induced microglial reactivity and pro-inflammatory phenotype at 

24 days after RSD cessation, may be important factors in prolonged social avoidance 

behavior. Imipramine treatment of RSD mice conferred protection against the production of 

pro-inflammatory molecules in microglia, impeding the social interaction deficit.

This study demonstrates that imipramine may exert its effects, in part, by down regulating 

neuroinflammation. It is not well known whether immunomodulation is a side effect or part 

of the clinical activity of imipramine. Since, hyper activation of the neuroimmune system is 
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believed to be involved in pathogenesis/development of mood disorders and anxiety, the 

present study suggests that the anti-inflammatory effect of antidepressants may have 

protective effects by silencing RSD-induced priming and activation of microglia, thus down 

regulating the biosynthesis of high levels of pro-inflammatory cytokines. By elucidating the 

underlying mechanism of antidepressant action and neuroimmune responses clinicians may 

be able to optimize therapeutic interventions treatment of mood disorders and anxiety.
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Fig. 1. 
Imipramine treatment reversed RSD-induced social avoidance 24 days after stress cessation. 

(A) Experimental schematic. (B) Social withdrawal was exacerbated when an aggressor was 

introduced in the social target trial (Trial 2) in RSD mice treated with vehicle, with a 

decreased time spent in the interaction zone and this was reversed with imipramine i.p. 

treatment (20 mg/kg). (C) RSD mice treated with vehicle spent more time in the corners 

during the social target trial (Trial 2). Bars represent the mean ± SEM. Means with asterisk 

(*) are significantly different from each other (p < 0.05). Trial 1: time without intruder; Trial 

2 = time with intruder.
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Fig. 2. 
IL-1β protein levels were determined in the supernatant collected 18 h after LPS stimulation. 

Bars represent the relative fold change increase over vehicle controls in media ± SEM 

determined by RT-PCR, and bars represent protein levels (pg/ml) determined by ELISA. 

Means with different letters (a,b,c,d) are significantly different from each other (p < 0.05). 

CON = home caged controls; RSD = repeated social defeat; VCON = vehicle controls; 

ICON = imipramine controls; VRSD = vehicle repeated social defeat; IRSD = imipramine 

repeated social defeat.
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Fig. 3. 
Imipramine diluted in the animal's drinking water reversed RSD-induced social avoidance 

behavior 24 days after stress cessation. Social Avoidance test was repeated, but this time 

imipramine was given orally in the animal's drinking water (15 mg/kg). (A) Experimental 

schematic is shown. (B) Time spent in the interaction zone was significantly decreased in 

RSD mice treated with vehicle, when an aggressor was introduced in the social target trial 

(Trial 2), and was reversed with Imipramine treatment. (C) No differences were detected in 

the time spent in the corners between the groups. Bars represent the mean ± SEM. Means 

with asterisk (*) are significantly different from each other (p < 0.05). Trial 1: time without 

intruder; Trial 2 = time with intruder.
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Table 1

Total splenocytes of RSD animals treated with vehicle had increased mRNA expression of TNF-α at 24 days 

after cessation of stress, and this was attenuated with imipramine i.p. treatment (20 mg/kg). Enhanced levels of 

IL-6 and IL-1β mRNA were detected in both stressed groups at this time point. Imipramine did not fully block 

the expression of either IL-6 or IL1-β.

Gene Total splenocytes mean relative gene expression (24 days after RSD)

Vehicle Imipramine

VCON VRSD ICON IRSD

TNF-α 1.01 ± 0.15a,c 1.91 ± 0.38b 0.58 ± 0.18a 1.11 ± 0.06c

IL-6 1.11 ± 0.08a 2.92 ± 0.79b 0.67 ± 0.20a 1.72 ± 0.23c

IL-1β 1.10 ± 0.23a 2.43 ± 0.58b 0.39 ± 0.19a 1.76 ± 0.32b

Means with different letters (a,b,c) are significantly different from each other (p < 0.05). CON = home caged controls; RSD = repeated social 
defeat; VCON = vehicle controls; ICON = imipramine controls; VRSD = vehicle repeated social defeat; IRSD = imipramine repeated social defeat.
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Table 2

Increased neuroinflammatory signaling was still observed 24 days after stress cessation in mice treated with 

vehicle and ameliorated in RSD mice treated with imipramine. Following behavioral testing, microglia were 

collected by Percoll gradient separation. RSD markedly increased relative gene expression of IL-6 even at 24 

days after cessation of stress, and this was decreased with imipramine i.p. treatment. No differences in IL1-β 

and TNF-α mRNA expression at 24 days between the RSD and control groups were seen.

Gene Microglia mean relative gene expression (24 days after RSD)

Vehicle Imipramine

VCON VRSD ICON IRSD

IL-6 1.01 ± 0.24a 2.35 ± 0.21b 0.61 ± 0.06a 1.14 ±0.18a

TNF-α 1.10 ± 0.52a 1.89 ± 0.92b 0.14 ± 0.36a 0.90 ± 0.38a

IL-1β 1.01 ± 0.31a 2.64 ± 0.88a,c 0.29 ± 0.15a,b 1.06 ±0.36a,b,c

Means with different letters (a,b,c) are significantly different from each other (p < 0.05). CON = home caged controls; RSD = repeated social 
defeat; VCON = vehicle controls; ICON = imipramine controls; VRSD = vehicle repeated social defeat; IRSD = imipramine repeated social defeat.
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Table 3

RSD increased reactivity of microglia 24 days after stress cessation. Imipramine treatment blocked microglia 

activation. Male C57BL/6 mice were subjected to six cycles of RSD and treated with imipramine i.p. 

injections as described in Fig. 1A. Brains were collected at 24 days after RSD. Enriched microglia were 

collected and cultured ex vivo. Cells were incubated with LPS (0.1 μM) and IL-1β, IL-6, and TNF-α relative 

gene expression was determined from these cells collected 18 h later. Means represent the relative fold change 

increase over vehicle controls in media ± SEM.

Gene Microglia mean relative gene expression after LPS stimulation (normalized to VCON media) 24 days after RSD

Vehicle Imipramine

VCON VRSD ICON IRSD

IL-1β 18.05 ± 3.49a 67.32 ± 14.86b 7.60±4.27a 17.06 ±6.69a

IL-6 6.84 ± 1.56a 30.53 ±9.87b 4.73 ± 1.61a 6.04 ± 0.95a

TNF-α 12.72 ± 0.38a 106.21 ±39.04b 20.11 ± 8.34a 21.87 ± 7.93a

Means with different letters (a, b) are significantly different from each other (p < 0.05). CON = home caged controls; RSD = repeated social defeat; 
VCON = vehicle controls; ICON = imipramine controls; VRSD = vehicle repeated social defeat; IRSD = imipramine repeated social defeat.
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Table 4

Increased neuroinflammatory signaling was observed 24 days after stress cessation in mice treated with 

vehicle. Imipramine given orally ameliorated neuroinflammatory responses in RSD mice. RSD markedly 

increased relative gene expression of IL-6 in microglia after 24 days of stress cessation, and this was 

decreased with imipramine treatment diluted in the drinking water (15 mg/kg). TNF-α relative gene 

expression and IL1-β relative gene expression are shown. Means represent the relative fold change increase 

over vehicle controls in media ± SEM.

Gene Microglia mean relative gene expression 24 days after RSD

Vehicle Imipramine

VCON VRSD ICON IRSD

IL-6 0.95 ±0.21a 5.30 ± 1.09b 1.09 ±0.39a 0.87 ± 0.24a

TNF-α 0.99 ± 0.09a 1.73 ±0.24b 1.09 ±0.05a 1.24 ±0.15a,b

IL-1β 0.91 ± 0.07a 1.69 ±0.22b 1.04 ±0.02a 1.28 ±0.05b

Means with different letters (a, b) are significantly different from each other (p < 0.05). CON = home caged controls; RSD = repeated social defeat; 
VCON = vehicle controls; ICON = imipramine controls; VRSD = vehicle repeated social defeat; IRSD = imipramine repeated social defeat.
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