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Abstract

Repeated social defeat (RSD) in mice causes myeloid cell trafficking to the brain that contributes 

to the development of prolonged anxiety-like behavior. Myeloid cell recruitment following RSD 

occurs in regions where neuronal and microglia activation is observed. Thus, we hypothesized that 

crosstalk between neurons, microglia, and endothelial cells contributes to brain-myeloid cell 

trafficking via chemokine signaling and vascular adhesion molecules. Here we show that social 

defeat caused an exposure- and brain region-dependent increase in several key adhesion molecules 

and chemokines involved in the recruitment of myeloid cells. For example, RSD induced distinct 

patterns of adhesion molecule expression that may explain brain region-dependent myeloid cell 

trafficking. VCAM-1 and ICAM-1 mRNA expression were increased in an exposure-dependent 

manner. Furthermore, RSD-induced VCAM-1 and ICAM-1 protein expression were localized to 

the vasculature of brain regions implicated in fear and anxiety responses, which spatially 

corresponded to previously reported patterns of myeloid cell trafficking. Next, mRNA expression 

of additional adhesion molecules (E- and P-selectin, PECAM-1) and chemokines (CXCL1, 

CXCL2, CXCL12, CCL2) were determined in the brain. Social defeat induced an exposure-

dependent increase in mRNA levels of E-selectin, CXCL1, and CXCL2 that increased with 
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additional days of social defeat. While CXCL12 was unaffected by RSD, CCL2 expression was 

increased by six days of social defeat. Last, comparison between enriched CD11b+ cells 

(microglia/macrophages) and enriched GLAST-1+/CD11b− cells (astrocytes) revealed RSD 

increased mRNA expression of IL-1β, CCL2, and CXCL2 in microglia/macrophages but not in 

astrocytes. Collectively, these data indicate that key mediators of leukocyte recruitment were 

increased in the brain vasculature following RSD in an exposure- and brain-region dependent 

manner.
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Introduction

Psychosocial stress is associated with increased inflammation and higher prevalence of 

mental health disorders such as anxiety and depression (Miller et al., 2009). For example, 

psychological stress in humans increases the production of pro-inflammatory cytokines 

(Kiecolt-Glaser et al., 2003, O’Connor et al., 2009, Hansel et al., 2010) and promotes rapid 

leukocyte transmigration (Ottaway and Husband, 1994, Hong et al., 2005, Cole, 2008). 

Through the activation of neuroendocrine pathways, psychosocial stress promotes the 

release of glucocorticoids, catecholamines, and cytokines leading to significant 

physiological, immunological, and behavioral changes in both humans and rodents (Kiecolt-

Glaser and Glaser, 2002, Kinsey et al., 2007, Cole et al., 2010, Wohleb et al., 2011). 

Repeated social defeat, a murine model of psychosocial stress, recapitulates many of the 

behavioral and immunological effects observed in humans (Miller et al., 2008, Cole et al., 

2010). For example, RSD causes increased circulating cytokines (Brydon et al., 2005), 

myeloid cell trafficking (Engler et al., 2004), and prolonged anxiety-like behavior (Kinsey et 

al., 2007). Previous work in the RSD model has demonstrated an important role for 

neuroimmune signaling in the development of stress-induced changes in behavior. For 

example, the establishment, resolution, and recurrence of anxiety-like behavior, brain 

cytokine expression, microglia activation, and brain-myeloid trafficking were temporally 

associated (Wohleb et al., 2013, Wohleb et al., 2014a). Moreover, recent work showed that 

anxiety-like behavior and brain myeloid cell trafficking following RSD were absent in 

CCR2 and CX3CR1 deficient mice (Wohleb et al., 2013). Thus, mechanisms underlying 

brain myeloid cell trafficking may have important implications for the study of stress-

induced changes in behavior.

It is known that chemokine receptor expression is necessary for brain myeloid cell 

trafficking following RSD (Wohleb et al., 2013), but the role of brain-derived chemokines 

and adhesion molecules has yet to be determined. Previous work may provide some clues 

regarding the regulation of brain-derived signals that promote brain myeloid adhesion and 

chemotaxis. For example, previous studies show that recruitment of GFP+ macrophages 

following RSD is region-specific (Wohleb et al., 2013) and spatially corresponds with fear/

anxiety-related regions where neuronal C-Fos expression and microglia activation are 
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observed (Martinez et al., 2002, Wohleb et al., 2011). Moreover, because myeloid cell 

trafficking is region-specific and occurs in the absence of classical inflammation and 

histopathology, it is likely that myeloid cell recruitment is orchestrated by neuronal activity. 

Because myeloid cell trafficking and microglia activation were spatially coupled to neuronal 

C-Fos expression following RSD (Wohleb et al., 2011), we hypothesized that neurovascular 

signaling resulted in region-specific myeloid cell recruitment via chemokine and adhesion 

molecule expression. The idea that local neuronal activity can be coupled to regulation of 

the cerebral vasculature strongly resembles the ‘neurovascular unit’ proposed in other 

studies. The concept of a ‘neurovascular unit’ is that local neuronal activity can be coupled 

to the regulation of cerebral vasculature (Mae et al., 2011). Thus, the concept of an 

immunological ‘neurovascular unit’ is helpful in understanding the mechanisms that 

contribute to RSD-induced brain myeloid cell trafficking.

In order for leukocytes to exit circulation and migrate into the CNS, they must extravasate 

through the endothelium (Wilson et al., 2010, Greenwood et al., 2011). The first stage of this 

process involves E- and P-selectin that bind to and initiate the rolling of leukocytes (Curry et 

al., 2010, Muller, 2014). Next, chemokines activate leukocytes and cause conformational 

changes to integrins that allow for firm adhesion of leukocytes onto the surface of the 

endothelium (Greenwood et al., 2011). The major integrin ligands responsible for regulating 

this step of leukocyte arrest are intercellular adhesion molecule-1 (ICAM-1) and vascular 

cell adhesion molecule-1 (VCAM-1) (Nourshargh et al., 2010). Extravasation, or the 

penetration of leukocytes through the vascular wall, is regulated by cell adhesion molecules 

(e.g., platelet endothelial cell adhesion molecule-1: PECAM-1) and chemokine signaling 

processes to allow for successful transendothelial migration (Wilson et al., 2010, Muller, 

2014). Thus, stress-induced expression of these adhesion molecules may play a role in the 

recruitment of myeloid cells to the brain in response to repeated social defeat.

In addition to adhesion molecules, chemokine release and ligand/receptor interactions play a 

significant role in mediating the recruitment of myeloid cells. For example, in LPS-injected 

mice, inflammatory CXC-chemokines CXCL1 (KC) and CXCL2 (MIP-2) induced myeloid 

cell recruitment through CXCR2, the mouse homolog of the IL-8 receptor (Hol et al., 2010). 

In addition, CXCL12 (SDF-1) binds to CXCR4 and functions to limit extensive leukocyte 

migration out of the perivascular space and into the brain parenchyma in models of CNS 

autoimmune disease (Cartier et al., 2005, McCandless et al., 2006). In response to activation 

by pro-inflammatory cytokines, nucleated cells will express CC-chemokine CCL2 (MCP-1), 

which binds CCR2 and facilitates Ly6Chi monocyte recruitment (Shi and Pamer, 2011). 

Moreover, RSD increases the percentage of Ly6Chi macrophages that traffic to the CNS 

(Wohleb et al., 2011). In studies with stress, RSD-induced myeloid cell recruitment 

corresponded with increased expression of CCL2 (Wohleb et al., 2013) and mice deficient in 

CCR2 failed to recruit macrophages to the brain (Prinz and Priller, 2010, Wohleb et al., 

2013).

Therefore, the purpose of this study was to understand the role of adhesion molecules and 

chemokines in the recruitment of myeloid cells to the brain in response to repeated social 

defeat. Here we showed that RSD increased the mRNA expression of two crucial leukocyte 

adhesion molecules, VCAM-1 and ICAM-1, in the brain in an exposure-dependent manner. 
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Furthermore, social defeat caused robust expression of VCAM-1 and ICAM-1 protein in 

specific brain regions implicated in fear and anxiety responses, including the amygdala and 

hypothalamus. Social defeat also enhanced the mRNA expression of E-selectin, CXCL1, 

and CXCL2 in the brain in an exposure-dependent manner. Last, RSD increased the mRNA 

levels of IL-1β, CCL2, and CXCL2 in enriched microglia/macrophages (CD11b+) but not in 

astrocytes.

Experimental Procedures

Mice

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

purchased from Charles River Breeding Laboratories (Wilmington, MA). Mice were 

allowed to acclimate to their surroundings for 7–10 days prior to experiments. Resident 

C57BL/6 mice were housed in cohorts of 3 and aggressor CD-1 mice were singly housed. 

All mice were housed in polypropylene cage racks with ad libitum access to water and 

rodent chow. The rooms were maintained at 21°C under a 12-h light-dark cycle (lights on at 

6 AM). Experimental and aggressor mice were routinely examined and showed no 

indications of illness or infection. All experiments 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.

Repeated Social Defeat (RSD)

Mice were subjected to RSD as previously reported (Wohleb et al., 2011, Wohleb et al., 

2012). In brief, male aggressive intruder mice were introduced into cages of resident 

C57BL/6 mice from 17:00 to 19:00 (2 h) for one, three, or six consecutive nights. During 

each cycle, submissive behavior (e.g., standing upright, fleeing, and crouching) was 

observed by the resident mice, while aggressive behavior (e.g., back biting and tail rattling) 

was observed by the aggressor mice. A new intruder would replace the initial intruder if he 

did not initiate an attack on the resident mice within the first 5–10 minutes or if he was 

defeated by any of the resident mice. After the 2 h session, the intruder mouse was removed 

and the residents were left undisturbed until the next day when the paradigm was repeated. 

To avoid habituation, different intruders were used for each of the six consecutive cycles. 

The resident mice were carefully inspected for bite injuries after each cycle of RSD and any 

severely wounded mice were removed from the study. Consistent with our previous studies 

using RSD, less than 5% of the mice met the early removal criteria (Wohleb et al., 2011, 

Wohleb et al., 2013). Control mice (CON) were left undisturbed in their home cages and 

housed in a different room separate from the RSD cages.

Isolation of brain microglia and astrocytes

At 14 h after the last cycle of RSD, microglia and astrocytes were isolated from whole brain 

homogenates as previously reported (Norden et al., 2014). In brief, brains were 

homogenized in phosphate-buffered saline (PBS, pH 7.4) by passing through a 70 μm cell 

strainer. The resulting homogenates were centrifuged at 900 × g for 6 min. Supernatants 

were removed and cell pellets were re-suspended in 70% isotonic Percoll (GE-Healthcare). 

A discontinuous Percoll (GE-Healthcare) density gradient (50%, 35%, and 0%) was overlaid 
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and centrifuged at 2000 × g for 20 min. Enriched microglia were collected from the 

interphase between the 70% and 50% Percoll layers. These cells were characterized as 

enriched brain CD11b+ cells, as previous studies have demonstrated that viable cells isolated 

by Percoll density gradient yields >90% CD11b+ cells (Wohleb et al., 2011, Wohleb et al., 

2013). Enriched astrocytes were collected from the interphase between the 50% and 35% 

Percoll layers. As previously reported (Norden et al., 2014), 65–70% of the cells collected 

from this interphase were characterized as GLAST-1+ astrocytes.

RNA isolation and real time PCR

Total RNA was first extracted from homogenized brain regions using TRIzol (Life 

Technologies, Grand Island, NY). Next, RNA was reverse transcribed into cDNA using the 

High Capacity cDNA Reverse Transcription Kit (Applied Biosystems; Foster City, CA). 

RNA concentration was determined through spectrophotometry. For Percoll enriched 

microglia and astrocytes, the PrepEase kit (USB, CA) was used to isolate RNA according to 

manufacturer’s instructions. Quantitative PCR was performed using the Applied 

Biosystems’ TaqMan Gene expression assay protocol as previously reported (Godbout et al., 

2005). The linear portion of amplification-curves for the housekeeping and genes of interest 

were parallel when plotted in excel (data not shown). Because the efficiency of primers was 

consistent between the housekeeping and genes of interest the ddct method was used (Livak 

and Schmittgen, 2001). In brief, experimental cDNA was amplified by real-time PCR where 

a target cDNA (i.e., VCAM-1, ICAM-1, E-Selectin, P-Selectin, PECAM-1, CXCL1, 

CXCL2, CXCL12, CCL2) and a reference cDNA (glyceraldehyde-3-phosphate 

dehydrogenase; GAPDH) were amplified using the Taqman Gene Expression assay that 

contains forward and reverse primers and a Taqman probe with a 3′ minor groove binder 

and a 5′ fluorescent reporter dye (6-FAM). Fluorescence was determined on an ABI PRISM 

7300-sequence detection system (Applied Biosystems). Using Ct values, the ΔΔCt for each 

sample was calculated as follows: ΔCt = Cttarget gene − Ctcontrol gene. The values for each 

experimental mouse (RSD) were compared with the average value of the control mice 

(average CON): ΔΔCt = ΔCtRSD − Ctaverage CON gene. Finally, the fold change for each 

mouse was calculated as follows: fold change = 2−ΔΔCt. All results are expressed as fold 

change +/− SEM.

Immunohistochemistry

At 14 h after the last cycle of RSD, brains were collected from mice after carbon dioxide 

asphyxiation and transcardial perfusion with sterile phosphate-buffered saline (PBS, pH 7.4 

with EDTA) and 4% formaldehyde. Brains were post-fixed in 4% formaldehyde for 24 h 

and incubated in 20% sucrose for an additional 48 h at 4°C. Fixed brains were frozen with 

isopentane (−80°C) and dry ice and sectioned (20 μm) using a Microm HM550 cryostat 

(Thermofisher). Brain regions were classified based on reference markers used in the 

stereotaxic mouse brain atlas (Paxinos and Franklin, 2008). To label for VCAM-1 (vascular 

cell adhesion molecule-1) and ICAM-1 (intercellular adhesion molecule-1), sections were 

placed free-floating in cryoprotectant until staining. Next, sections were washed in PBS with 

1% bovine serum albumin, blocked with 3% normal donkey serum, and incubated with 

either goat anti-mouse VCAM-1 antibody (R&D Systems, CN AF643) or goat anti-mouse 

ICAM-1 antibody (R&D Systems, CN AF796). Sections were incubated in a donkey anti-
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goat secondary antibody (Alexa Fluor 488). Sections were mounted on slides and cover-

slipped with Fluoromount and stored at −20°C. Fluorescent sections were visualized using 

an epi-fluorescent Leica DM5000B microscope. Images were captured using a Leica 

DFC300 FX camera and imaging software. For each image, a threshold for positive staining 

was determined that included all cell bodies while excluding background staining (ImageJ). 

All results are expressed as average percent area in the positive threshold for all 

representative images.

Statistical Analysis

Data were subjected to Shapiro-Wilk test using Statistical Analysis Systems (SAS) software. 

Observations more than three interquartile ranges from the first and third quartile were 

removed from analyses. To determine significant main effects and interactions between 

groups, data were analyzed through one-way (stress) or two-way (stress x region) ANOVA 

using the General Linear Model procedures of SAS. When appropriate, an F-protected t-test 

using the Least-Significant Difference procedure of SAS was used to determine differences 

between treatment means. All data are expressed as treatment means ± standard error of the 

mean (SEM).

Results

Social defeat increased mRNA expression of VCAM-1 and ICAM-1 in the caudal cortex, 
rostral cortex, hippocampus, and basal ganglia in an exposure-dependent manner

Previous studies indicate that six days of social defeat promoted trafficking of bone marrow 

(BM)-derived myeloid cells to specific brain regions associated with fear and threat 

appraisal, which contributed to the development of prolonged anxiety-like behavior (Wohleb 

et al., 2013, Wohleb et al., 2014a). Because microglia and neuronal activation after social 

defeat is region-specific (Wohleb et al., 2011, Wohleb et al., 2013), we hypothesize that 

components of the neurovascular unit increase adhesion molecule and chemokine expression 

to facilitate the recruitment of myeloid cells to the brain in response to the stressor. To 

understand how the brain may facilitate myeloid cell recruitment, VCAM-1 and ICAM-1 

mRNA expression were determined in several general brain regions including the caudal 

cortex (CTX-C), rostral cortex (CTX-R), hippocampus (HPC), and basal ganglia (BG). 

These regions were collected by dissection of the whole brain and each area includes several 

different micro-anatomical brain regions.

In the first experiment, mice were exposed to one, three, or six days of social defeat and 

VCAM-1 and ICAM-1 mRNA levels were determined in several brain regions immediately 

following the final cycle of RSD. Table 1 shows that social defeat increased mRNA 

expression of VCAM-1 and ICAM-1 in the brain. For example, social defeat increased 

VCAM-1 mRNA expression in the CTX-C (F(3,22) = 25.88, p < 0.0001), CTX-R (F(3,22) = 

51.05, p < 0.0001), HPC (F(3,21) = 3.44, p < 0.05), and BG (F(3,20) = 5.93, p < 0.005). The 

social defeat-induced increases in expression of VCAM-1 mRNA were dependent on 

exposure. For example, VCAM-1 mRNA levels were increased by either one or three days 

of social defeat in the CTX-R and HPC, and the highest levels of VCAM-1 mRNA in each 

brain region occurred after six days of social defeat (p < 0.05, for each region).
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Social defeat also increased ICAM-1 mRNA expression in the CTX-C (main effect of stress, 

F(3,22) = 10.23, p < 0.001), CTX-R (F(3,21) = 16.86, p < 0.001), HPC (F(3,22) = 7.57, p < 

0.001), and BG (F(3,20) = 5.08, p < 0.009). Increased expression of ICAM-1 mRNA was also 

dependent on repeated exposure to social defeat. For instance, one day of social defeat 

increased mRNA expression of ICAM-1 in the CTX-C (p < 0.05), CTX-R (p < 0.01), and 

HPC (p < 0.05). In addition, six days of social defeat caused a robust increase in ICAM-1 

mRNA expression in the CTX-C (p < 0.005), CTX-R (p < 0.0005), HPC (p < 0.005) and BG 

(p < 0.05) as compared to the control. Furthermore, there was a marked induction in both 

VCAM-1 and ICAM-1 mRNA levels in the CTX-C and CTX-R after six days of social 

defeat compared to three days (p < 0.05, for each) and one day (p < 0.05, for each). 

Collectively, these data indicate that social defeat increased the mRNA expression of both 

VCAM-1 and ICAM-1 in the brain in an exposure-dependent manner.

Repeated exposure to social defeat increased ICAM-1 expression on endothelial cells in 
the amygdala and hypothalamus in an exposure-dependent manner

Because mRNA expression of VCAM-1 and ICAM-1 were increased after RSD, we next 

sought to determine protein expression of these adhesion molecules within the brain. In 

these studies, VCAM-1 and ICAM-1 protein expression were determined in the amygdala 

(AMYG) and hypothalamus (HYPO) after one, three, or six days of social defeat. Figure 1A 

shows representative images of ICAM-1 labeling in the lumen of medium-sized blood 

vessels in the AMYG and HYPO after one, three, or six days of social defeat. These images 

are consistent with the pattern of mRNA results presented in Table 1 and show increased 

vascular labeling of ICAM-1 after one day of social defeat that was further increased by 

three and six days of social defeat.

Proportional area analysis revealed that social defeat increased ICAM-1 protein expression 

in the AMYG (Fig. 1B, (F(3,11) = 2.48, p = 0.1) and HYPO (Fig. 1C, F(3,12) = 3.99, p < 

0.05). Consistent with the mRNA data, protein expression of ICAM-1 was robustly 

increased after one day of social defeat in the AMYG (p < 0.05) and the HYPO (p < 0.005). 

These increases were further enhanced after six days of social defeat compared to all other 

groups (p < 0.06, for each). To confirm that ICAM1 was increased on the brain vasculature, 

Ly6C labelling was used to label endothelial cells (Jutila et al., 1988). Fig. 1D confirms that 

RSD increased ICAM-1 protein expression on Ly6C+ endothelial cells of the brain 

vasculature. These findings indicate that social defeat increased ICAM-1 protein expression 

on brain vasculature after RSD in an exposure-dependent manner.

Representative images of VCAM-1 labeling in the AMYG and HYPO are shown in Figure 

1E. Consistent with the pattern of mRNA results presented in Table 1, social defeat 

increased VCAM-1 protein expression in the AMYG (Fig. 1F, (F(3,14) = 5.31, p < 0.05)) and 

HYPO (Fig. 1G, (F(3,13) = 13.19, p < 0.001)). The protein expression of VCAM-1, however, 

was not increased after one or three days of social defeat. Following six days of social 

defeat, VCAM-1 protein expression was significantly increased in the AMYG (Fig. 1F, p < 

0.05) and HYPO (Fig. 1G, p < 0 .01). As above, Ly6C labelling was used to label 

endothelial cells (Jutila et al., 1988). Fig. 1H confirms that RSD increased VCAM-1 protein 

expression on Ly6C+ endothelial cells of the brain vasculature. Taken together, these data 
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indicate that VCAM-1 protein expression was increased on brain vasculature following 

exposure to social defeat.

Social defeat induced ICAM-1 and VCAM-1 expression in specific brain regions associated 
with threat appraisal

Figure 1 shows that ICAM-1 and VCAM-1 protein expression were increased in the 

vasculature of the AMYG and HYPO following six days of social defeat. We have 

previously reported myeloid cell trafficking in BM-chimeric mice to brain regions 

associated with fear and anxiety responses including the PFC (prefrontal cortex) and PVN 

(paraventricular nucleus). Myeloid cell trafficking after RSD, however, was not detected in 

the M1 CTX (primary motor cortex) (Wohleb et al., 2013). These data indicate that myeloid 

cell trafficking in the brains of BM-chimeric mice occurred in a brain region-specific 

pattern.

ICAM-1 (Fig. 2A) and VCAM-1 (Fig. 2B) protein expression were determined in the PFC, 

PVN, and M1 CTX after six days of social defeat. Representative images for ICAM-1 (Fig. 

2A) and VCAM-1 (Fig. 2B) are shown in each of the three selected regions. There were 

brain region-dependent increases in VCAM-1 (F(2,26) = 16.83, p < 0.0001) and ICAM-1 

(F(2,28) = 3.74, p < 0.05) protein after six days of social defeat. For example, proportional 

area analysis confirmed that VCAM-1 and ICAM-1 levels were robustly increased after six 

days of social defeat in the vasculature of the PFC (Fig. 2C, p < 0.01, for both) and PVN 

(Fig. 2D, p < 0.02, for both). These increases, however, were not detected in the M1 CTX 

(Fig. 2E). Collectively, these data indicated that the induction of ICAM-1 and VCAM-1 

protein expression by RSD was brain region-dependent.

Social defeat increased E-selectin mRNA expression in the caudal cortex, rostral cortex, 
hippocampus, and basal ganglia after RSD in an exposure-dependent manner

Next, mRNA expression of several other adhesion molecules that are involved in regulating 

leukocyte trafficking was determined (Wilson et al., 2010, Greenwood et al., 2011). In this 

experiment, mice were exposed to one, three, or six days of social defeat and mRNA levels 

of E-selectin, P-selectin, and PECAM-1 were determined immediately after the final cycle 

of RSD in the caudal cortex, rostral cortex, hippocampus, and basal ganglia (Table 2). As 

with the data provided in Table 1, these general brain regions were collected by dissection of 

the whole brain. Table 2 shows that neither P-selectin nor PECAM-1 were increased by 

social defeat in any of the regions examined. The mRNA expression of E-selectin, however, 

was increased after RSD in the CTX-C (F(3,21) = 13.75, p < 0.0001), CTX-R (F(3,21) = 

51.05, p < 0.0001), HPC (F(3,19) = 3.44, p < 0.01), and BG (F(3,18) = 6.97, p < 0.01). For 

each region examined, the mRNA levels of E-selectin were highest following six days of 

social defeat. For example, E-selectin mRNA levels were increased in the HPC after one day 

of social defeat (p < 0.05) and remained elevated at three days (p < 0.004), but reached the 

highest level after six days of social defeat (p < 0.05) compared to the control. Furthermore, 

in all regions examined, E-selectin mRNA levels were higher after six days of social defeat 

compared to one day (p < 0.05) and three days (p < 0.05). Collectively, these data indicate 

that social defeat increased E-selectin mRNA expression in the brain in an exposure-

dependent manner.
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Social defeat increased CXCL1, CXCL2 and CCL2 mRNA expression in the caudal cortex, 
rostral cortex, hippocampus, and basal ganglia

Because centrally-derived signals may aid in the recruitment of myeloid cells to the brain 

(Cartier et al., 2005, Takeshita and Ransohoff, 2012), we next determined the mRNA 

expression of several key chemokines after social defeat. In this experiment, mice were 

exposed to one, three, or six days of social defeat and the mRNA levels of CXCL1, CXCL2, 

CXCL12, and CCL2 were determined immediately after the final cycle of RSD in the caudal 

cortex, rostral cortex, hippocampus, and basal ganglia (Table 3). Table 3 shows that several 

of these key chemokines were increased by social defeat. For instance, CXCL1 expression 

was increased by social defeat in the CTX-C (F(3,20) = 5.81, p < 0.01), CTX-R (F(3,20) = 

6.20, p < 0.005), HPC (F(3,19) = 5.60, p < 0.01), and BG (F(3,18) = 5.46, p < 0.01). Table 3 

shows that CXCL1 mRNA levels were further enhanced in the CTX-C after six days of 

social defeat compared to three days (p < 0.05) or one day (p < 0.05). CXCL2 expression 

was also increased by social defeat in the CTX-C (main effect of stress, F(3,19) = 5.92, p < 

0.01), CTX-R (F(3,20) = 3.46, p < 0.05), HPC (F(3,20) = 2.86, p < 0.07), and BG (F(3,19) = 

3.18, p <0.06). For all these regions examined, the mRNA expression of CXCL2 was 

highest after six days of social defeat. For instance, the mRNA levels of CXCL2 were 

increased in the CTX-R after three days of social defeat (p < 0.01) and was the highest level 

by six days compared to all other groups (p < 0.05). It is important to note that CXCL12 was 

not increased after social defeat regardless of exposure or brain region. These data indicate 

that RSD increased the mRNA levels of CXCL1 and CXCL2 in an exposure-dependent 

manner in all brain regions examined.

Social defeat also increased CCL2 mRNA expression in the in the CTX-R (main effect of 

stress, F(3,10) = 6.12, p < 0.05), CTX-C (F(3,10) = 5.44, p < 0.05) and HPC (F(3,7) = 5.92, p < 

0.05). The mRNA expression of CCL2 was not increased after one or three days of social 

defeat. CCL2 mRNA, however, was significantly increased by six days of social defeat in 

the CTX-R (p < 0.05) and tended to be increased in the CTX-C (p < 0.08) and HPC (p < 

0.09). Taken together, social defeat increased CXCL1, CXCL2, and CCL2 mRNA 

expression in the brain.

RSD increased IL-1β, CCL2, and CXCL2 expression in enriched microglia/macrophages, 
but not in astrocytes

To determine the cell type within the brain that was producing these chemokines, microglia/

macrophages (CD11b+) and astrocytes (GLAST-1+) were enriched from the brain after RSD 

(six cycles of social defeat). The mRNA expression of several mediators of myeloid cell 

recruitment including IL-1β, CCL2, CXCL1, CXCL2, and CXCL12 was determined in each 

enriched cell population. As published previously (Norden et al., 2014), Figure 3A 

illustrates that enriched astrocytes were collected from the interphase between 35% and 50% 

Percoll and enriched microglia/macrophages were collected from the interphase between 

50% and 70%. Figure 3B shows the representative dot plots of CD11b and GLAST-1 

labeling of astrocytes. After Percoll enrichment, 65–70% of these cells were GLAST-1+. 

Figure 3C shows the representative dot plots of CD11b and CD45 labeling of microglia/

macrophages. Although these enriched cells were primarily microglia (over 85% CD11b+/

CD45low), Figure 3C shows that RSD increased the number of macrophages (CD11b+/
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CD45hi) from 1.01% to 3.88%. This is consistent with our previous work showing that the 

number of macrophages associated with the brain increases after RSD (Wohleb et al., 2013). 

Thus, using Percoll enrichment, astrocytes and microglia/macrophages can be obtained from 

the same mouse brain.

In the enriched astrocyte population, RSD (6 cycles of social defeat) had no effect on the 

mRNA expression of either IL-1β (Fig. 3D) or CCL2 (Fig. 3E). Reduced mRNA expression 

of CXCL1 (Fig. 3F, p < 0.05) and CXCL12 (Fig. 3H, p < 0.01), however, was observed in 

astrocytes after RSD. CXCL2 mRNA levels also tended to be decreased in enriched 

astrocytes after RSD (Fig. 3G, p < 0.08). In the enriched CD11b+ cell population, RSD (6 

cycles of social defeat) tended to increase both IL-1β (Fig. 3I, p = 0.1) and CCL2 (Fig. 3J, p 

= 0.1) mRNA expression. These data are consistent with our previous findings (Wohleb et 

al., 2011, Wohleb et al., 2013, Wohleb et al., 2014b). Moreover, CXCL1 (Fig. 3K) mRNA 

levels were undetectable in the enriched CD11b+ population, but the mRNA expression of 

CXCL2 (Fig. 3L, p < 0.05) was increased after RSD. Similar to astrocytes, CXCL12 (Fig. 

3M, p = 0.1) mRNA levels were reduced after RSD. Collectively, these data indicated that 

RSD increased the mRNA of key chemokines in enriched microglia/macrophages, but not in 

astrocytes.

Discussion

Psychosocial stress activates a number of neuroendocrine pathways resulting in significant 

physiological, immunological, and behavioral changes that are associated with the 

development and recurrence of anxiety and depression (Kiecolt-Glaser et al., 2003, Kinsey 

et al., 2007, Miller et al., 2009, O’Connor et al., 2009, Hansel et al., 2010). Moreover, social 

defeat causes region-specific infiltration of peripheral myeloid cells into the brain 

parenchyma of BM-chimeric mice that is associated with the development of anxiety-like 

behavior (Wohleb et al., 2013, Wohleb et al., 2014b). It is important to note that the repeated 

social defeat model promotes myeloid cell trafficking to the brain in the absence of 

pathology usually associated with the recruitment of circulating myeloid cells to sites of 

tissue damage. Here we show that social defeat caused an exposure- and brain region-

dependent increase in several key adhesion molecules and chemokines involved in the 

recruitment of myeloid cells. In support of previous reports showing that microglia and 

neuronal activation after social defeat is region-specific (Wohleb et al., 2011), our current 

study extends these findings to show that RSD induced VCAM-1 and ICAM-1 protein 

expression on endothelial cells in distinct brain regions associated with fear and threat 

appraisal. Furthermore, our data indicate that social defeat induced an exposure-dependent 

increase in the mRNA levels of E-selectin, CXCL1, and CXCL2, but not P-selectin, 

PECAM-1, or CXCL12. Last, we show that RSD increased IL-1β, CCL2, and CXCL2 

expression in enriched microglia/macrophages, but not in astrocytes. Collectively, these 

findings provide novel evidence for the contribution of adhesion molecules and chemokines 

in facilitating the recruitment of myeloid cells to the brain in response to social stress.

Previous studies show that RSD increases production of pro-inflammatory cytokine IL-1β in 

the rostral cortex, hypothalamus, hippocampus, and basoganglia and also induces anxiety-

like behavior that coincides with an exposure-dependent increase in the number of brain 
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macrophages (Wohleb et al., 2013). Therefore, one important finding of the current study 

was that social defeat increased the mRNA expression of VCAM-1 and ICAM-1 in the 

caudal cortex, rostral cortex, hypothalamus, hippocampus, and basoganglia in an exposure-

dependent manner. It is important to note that the mRNA analysis was completed from 

dissected brain samples and each area includes several different micro-anatomical brain 

regions. Nonetheless, the brain regions outlined above include areas associated with fear and 

threat appraisal. For example, the rostral cortex includes the prefrontal cortex and the 

basoganglia includes the amygdala which are regions affected by stress and anxiety 

disorders (Ressler and Mayberg, 2007). This is pertinent because RSD-induced anxiety-like 

behavior coincides with neuronal activation in brain regions associated with fear and threat 

appraisal (Wohleb et al., 2011). Furthermore, exposure to repeated social defeat increases 

levels of circulating IL-1β (Engler et al., 2008), IL-6 (Stark et al., 2002), and TNF-α 

(Avitsur et al., 2003), all of which facilitate myeloid cell trafficking by increasing the 

expression of adhesion molecules on endothelial cells (Petri et al., 2008, Greenwood et al., 

2011). Additionally, stress-induced IL-1β production contributes to the neurobiological 

responses implicated in anxiety- and depressive-like behaviors (Goshen and Yirmiya, 2009). 

Furthermore, increased VCAM-1 and ICAM-1 mRNA expression corresponded with 

enhanced production of IL-1β in the brain after repeated exposure to stress. Therefore these 

data are interpreted to indicate that increased VCAM-1 and ICAM-1 mRNA expression after 

RSD were driven by elevated levels of pro-inflammatory cytokines in circulation and in the 

brain.

Another important aspect of this study was that social defeat induced ICAM-1 expression on 

endothelial cells of the amygdala and hypothalamus in an exposure-dependent manner. We 

confirmed that ICAM and VCAM labeling co-localized with Ly6C+ endothelial cells of the 

brain vasculature (Fig. 1D&H). Both the amygdala (Indovina et al., 2011, Sehlmeyer et al., 

2011) and hypothalamus (Wilent et al., 2010, Canteras et al., 2012) are brain regions critical 

to the behavioral responses to fear and anxiety. Previous reports show that IL-1β mRNA 

levels in the hypothalamus tended to be increased after one day of social defeat and 

remained elevated at three and six days (Wohleb et al., 2013), which coincides with the 

pattern of ICAM-1 protein expression in the hypothalamus in our current study. 

Furthermore, IL-1β induces myeloid cell recruitment by upregulating ICAM-1 (Wang et al., 

1995, del Zoppo et al., 2000, Curry et al., 2010). Our current findings extend these studies to 

suggest that increased IL-1β induces the expression of ICAM-1 on brain endothelial cells. 

Additionally, previous reports indicate that social stressors increase systemic levels of pro-

inflammatory cytokine IL-6, which are further enhanced after LPS injection (Johnson et al., 

2002, Stark et al., 2002). In the brain vasculature, neither ICAM nor VCAM is expressed at 

high level. In peripheral tissues including the lung, ICAM-1 is constitutively expressed on 

resting endothelium. ICAM-1 was further enhanced by cytokines associated with RSD 

(Curry et al., 2010). The higher induction of ICAM1 with RSD is a novel finding and is 

consistent other models where inflammatory signaling promotes the recruitment of immune 

cells into tissues. For example, IL-6 induced ICAM-1 expression in brain capillaries through 

post-transcriptional mechanisms that led to increased recruitment of leukocytes in a model 

of EAE (Roy et al., 2012). Therefore, these reports correspond with our current findings that 

show increased ICAM-1 protein expression in the amygdala and hypothalamus following 
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one day of social defeat that remained elevated, while induced VCAM-1 protein in these 

regions was delayed until after six days of social defeat. Collectively, these findings indicate 

that elevated IL-1β levels observed in the amygdala and hypothalamus coincide with the 

pattern of increase in ICAM-1 protein expression, suggesting that ICAM-1 expression is 

being driven by inflammatory cytokine signaling. Furthermore, enhanced expression of 

ICAM-1 may be stimulated by RSD-induced increases in IL-6.

Previous studies show that RSD-induced recruitment of macrophages in BM-chimeric mice 

was detected in stress-responsive brain regions including the hippocampus, amygdala, and 

prefrontal cortex. There was no macrophage trafficking, however, detected in the motor 

cortex (Wohleb et al., 2013). A novel finding in the current study was that social defeat 

induced VCAM-1 and ICAM-1 expression in the same brain regions that our previous 

studies in BM-chimeric mice showed myeloid cell trafficking into the brain parenchyma. 

For example, RSD increased ICAM-1 and VCAM-1 expression in the hippocampus, 

amygdala, and prefrontal cortex but not in the motor cortex. Although all the current studies 

were performed in wild-type (not BM-chimeric) mice, it is important to note that the same 

results were seen when VCAM-1 and ICAM-1 protein expression was determined in the 

same brain regions using GFP+ BM-chimeric mice (data not shown). These data provide 

evidence for the interaction between RSD-induced macrophage recruitment and leukocyte 

adhesion mediators involved in myeloid cell recruitment. This is pertinent because RSD-

induced macrophage recruitment to specific stress-responsive brain regions was critical for 

the development of anxiety-like behavior (Wohleb et al., 2013). Unlike pathological 

conditions that lead to a breakdown of the blood-brain barrier, the brain region-specific 

pattern of myeloid cell trafficking and expression of adhesion molecules following exposure 

to repeated social defeat was not associated with any neurological disease, trauma, or 

infection. Collectively, these findings provide compelling evidence that increased VCAM-1 

and ICAM-1 expression on endothelial cells facilitates the recruitment of myeloid cells to 

the brain in response to repeated social stress in the absence of pathology.

Another key finding of this study was that social defeat selectively increased the mRNA 

expression of specific adhesion molecules involved in leukocyte extravasation. For example, 

social defeat caused an exposure-dependent increase in E-selectin mRNA expression, but 

did not affect P-selectin or PECAM-1. Both P- and E-selectin bind to Sialyl Lewis x present 

on leukocytes and are critical for mediating the early stage of recruitment through the 

stimulation of leukocyte rolling (Hidalgo et al., 2007). Although both selectins are expressed 

on vascular endothelial cells during inflammatory responses, P-selectin is constitutively 

found in cytoplasmic granules known as Wiebel-Palade bodies that allow it to be rapidly 

expressed on the external cell surface upon stimulation. E-selectin, on the other hand, is not 

expressed under resting conditions, but rather is induced by pro-inflammatory cytokines 

(Ley, 2003, Greenwood et al., 2011). Therefore, our current findings are consistent with 

previous reports indicating that social defeat does not affect P-selectin mRNA levels 

because the protein is not transcriptionally regulated (Curry et al., 2010). Furthermore, 

PECAM-1 is expressed on endothelial cells and leukocytes and is critical for regulating 

transendothelial cell migration (Nourshargh and Marelli-Berg, 2005). Unlike VCAM-1 and 

ICAM-1, PECAM-1 is not upregulated in response to pro-inflammatory cytokines 

(Greenwood et al., 2011). Therefore, the enhanced mRNA expression of E-selectin, but not 
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P-selectin or PECAM-1, is consistent with previous studies showing increased production of 

pro-inflammatory cytokine IL-1β after RSD, suggesting that IL-1β signaling drives 

increased E-selectin expression (Wohleb et al., 2013). Additionally, these data suggest that 

neither P-Selectin nor PECAM-1 were affected by social defeat due to the fact that neither 

target’s mRNA changes were statistically significant. Collectively, these findings provide 

novel evidence for exposure-dependent increases in E-selectin mRNA expression after RSD 

that coincides with increased production of IL-1β in the brain.

Previous reports indicate that centrally-derived signals may facilitate myeloid cell 

trafficking to the brain in models of EAE (Shi and Pamer, 2011) and LPS-injected mice 

(Erickson and Banks, 2011). Furthermore, stress-induced myeloid cell recruitment coincides 

with neuroinflammatory mediators that promote trafficking of myeloid cells to the brain 

(Prinz and Priller, 2010). For example, CCR2 is critical for directing monocytes from the 

blood to the brain, while CX3CR1 is essential for their integration in the brain perivascular 

space and parenchyma (Mahad et al., 2006, Donnelly et al., 2011). This is pertinent because 

there was no prolonged anxiety-like behavior associated with repeated social defeat in 

models where myeloid cells could not traffic to the brain (i.e., IL-1R1, CCR2, and CX3CR1 

deficiency) (Wohleb et al., 2011, Wohleb et al., 2013). Here we provide data showing that 

social defeat in the absence of pathology selectively increased the mRNA expression of 

specific chemokines critical for leukocyte trafficking. For instance, social defeat had no 

effect on CXCL12 expression, but increased CXCL1, CXCL2, and CCL2 mRNA levels in 

the brain. As indicated above, the increased mRNA levels of these chemokines were found 

in brain regions with enhanced production of IL-1β, suggesting that inflammatory cytokine 

signaling drives the expression of these chemokines (Wohleb et al., 2011, Wohleb et al., 

2013). Previous studies indicate that CCR2, the receptor for CCL2, is critical for monocyte 

trafficking (Prinz and Priller, 2010). Furthermore, CCL2 stimulates the adherence of 

monocytes to vascular endothelium expressing E-selectin (Gerszten et al., 1999, Curry et al., 

2010). Thus, we interpret these data to suggest that RSD-induced secretion of CCL2 

enhances adhesion molecule expression to facilitate myeloid cell trafficking to the brain. 

Moreover, CXCL1 and CXCL2 also recruit myeloid cells in a P-selectin dependent manner 

(Zhang et al., 2001, Curry et al., 2010). Taken together, these data provide evidence for the 

interaction between cells that make up the neurovascular unit and RSD-induced cytokines, 

likely leading to increased adhesion molecule expression and elevated chemokine levels 

after exposure to social defeat.

Although social defeat induced the expression of several key cytokines and chemokines as 

indicated above, there is limited evidence that addresses the source of production of these 

molecules within the brain. Here we show that social defeat increased IL-1β, CCL2, and 

CXCL2 expression in enriched microglia/macrophages, but not in astrocytes. For instance, 

by using a Percoll density gradient to separate both enriched microglia/macrophages 

(CD11b+) and astrocytes (GLAST-1+), we show that microglia/macrophages collected from 

the brain increased or tended to increase the mRNA expression of IL-1β, CCL2, and CXCL2 

after six days of social defeat. While there were apparent reductions in astrocyte expression 

of these inflammatory mediators, they were expressed at a low level basally in astrocytes so 

the biological significance of the mRNA reduction is unclear.
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As we and other have previously reported, IL-1β and CCL2 are mediators associated with 

the recruitment of macrophages (Wohleb et al., 2013). CXCL2 is also a chemokine that is 

associated with myeloid cell recruitment through CXCR2, which is the mouse homolog of 

the IL-8 receptor (Hol et al., 2010). Others have reported that activated microglia release 

CXCL2 in models of P2X7 receptor stimulation (Shiratori et al., 2010) and LPS injection 

(Thomas et al., 2006). While CXCL1 was robustly increased by RSD (table 3), it did not 

show up as increased in either glia population (figure 3). Therefore, it is produced by either 

endothelial cells or neurons. In addition, the RSD-induced reduction of CXCL12 mRNA 

levels in enriched microglia/macrophages correspond with previous reports that indicate 

dysregulated CXCL12 expression leads to increased leukocyte infiltration (McCandless et 

al., 2008). However, the biological relevance of reduced CXCL2 and CXCL1 in astrocytes 

following stress is unclear. Collectively, these findings provide evidence for RSD-induced 

production of IL-1β, CCL2, and CXCL2 in enriched microglia/macrophages that contributes 

to the pro-inflammatory CNS profile after social defeat. These data have translational 

relevance because psychosocial stress in humans promotes a pro-inflammatory state within 

the CNS that may contribute to the development of anxiety and depressive-like behaviors 

(Suarez et al., 2003, Audet and Anisman, 2013, Iwata et al., 2013).

Conclusions

In summary, these results indicated that key mediators of leukocyte recruitment were 

increased in the brain vasculature after social defeat in an exposure- and brain-region 

dependent manner. Moreover, the bi-directional communication between cells that make up 

the neurovascular unit led to increased adhesion molecule and chemokine expression that 

was involved in the recruitment of circulating myeloid cells to the brain in response to social 

stress. In support of previous studies showing that microglia and neuronal activation after 

social defeat is region-specific, our current study extends these findings to show that RSD 

induced VCAM-1 and ICAM-1 protein expression on vascular endothelial cells in distinct 

brain regions associated with fear and threat appraisal. Furthermore, the repeated social 

defeat model promotes myeloid cell trafficking to the brain in the absence of pathology 

usually associated with the recruitment of circulating myeloid cells to sites of tissue damage. 

These findings are relevant because they begin to establish a mechanism by which the brain 

facilitates stress-induced myeloid cell recruitment that may underlie anxiety and mood 

disorders.
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RSD repeated social defeat
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VCAM-1 vascular cell adhesion molecule-1

ICAM-1 intercellular cell adhesion molecule-1

PECAM-1 platelet endothelial cell adhesion molecule-1

CXCL1 (C-X-C motif) ligand 1

CXCL2 (C-X-C motif) ligand 2

CXCL12 (C-X-C motif) ligand 12

CCL2 (C-C motif) ligand 2

IL-1 interleukin-1

BM bone marrow

GFP green fluorescent protein

CTX-C caudal cortex

CTX-R rostral cortex

HPC hippocampus

BG basal ganglia

AMYG amygdala

HYPO hypothalamus

PFC prefrontal cortex

PVN paraventricular nucleus

M1 CTX primary motor cortex
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Highlights

• RSD increased adhesion molecule and chemokine expression in the brain in an 

exposure-dependent manner

• Increased protein expression of adhesion molecules VCAM-1 and ICAM-1 was 

observed on brain vasculature after RSD

• RSD-induced VCAM-1 and ICAM-1 protein expression were localized in brain 

regions implicated in fear and anxiety responses

• IL-1β, CXCL2, and CCL2 expression were increased after RSD in enriched 

microglia/macrophages, but not in astrocytes

• Increased adhesion molecule and chemokine expression facilitated myeloid cell 

recruitment to the brain with stress
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Figure 1. Repeated exposure to social defeat increased ICAM-1 expression on endothelial cells in 
the amygdala and hypothalamus in an exposure-dependent manner
Male C57BL/6 mice were subjected to one, three, or six cycles of social defeat (RSD) or left 

undisturbed as controls (CON). Brains were collected 14 h after the last cycle of RSD and 

VCAM-1 and ICAM-1 expression were determined by immunohistochemistry. A) 
Representative images of VCAM-1 labeling in the amygdala (AMYG) and hypothalamus 

(HYPO) are shown. The percent positive area for VCAM-1 labeling in the B) AMYG and 

C) HYPO was determined. D) Representative image of VCAM-1 and Ly6C co-labeling in 

the AMYG after RSD. Arrows depict co-localized labeling between VCAM-1 and Ly6C. E) 
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Representative images of ICAM-1 labeling in the AMYG and HYPO are shown. The 

percent positive area for ICAM-1 labeling in the F) AMYG and G) HYPO was determined. 

H) Representative image of ICAM-1 and Ly6C co-labeling in the AMYG after RSD. 

Arrows depict co-localized labeling between ICAM-1 and Ly6C. Bars represent average ± 

SEM. Means with (*) are significantly different from respective CON (p ≤ 0.06). Means 

with (+) are significantly different from all other groups (p < 0.05).
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Figure 2. Social defeat induced VCAM-1 and ICAM-1 expression in specific brain regions 
associated with fear and threat appraisal
Male C57BL/6 mice were subjected to six cycles of social defeat (RSD) or left undisturbed 

as controls (CON). Brains were collected 14 h after RSD and positive VCAM-1 and 

ICAM-1 expression were determined. Representative images of A) VCAM-1 and B) 
ICAM-1 labeling in the prefrontal cortex (PFC), paraventricular nucleus (PVN), and primary 

motor cortex (M1 CTX) are shown. The percent positive area for VCAM-1 and ICAM-1 

labeling in the C) PFC, D) PVN, and E) M1-CTX was determined. Bars represent average ± 

SEM. Means with an asterisk (*) are significantly different from respective CON (p < 0.05).

Sawicki et al. Page 22

Neuroscience. Author manuscript; available in PMC 2016 August 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. RSD increased IL-1β, CCL2, and CXCL2 expression in enriched microglia/
macrophages, but not in astrocytes
Male C57BL/6 mice were subjected to six cycles of social defeat (RSD) or left undisturbed 

as controls (CON). Enriched brain CD11b+ and GLAST-1+ cells were collected 14 h after 

the final cycle of RSD. A) Enriched brain CD11b+ and GLAST-1+ cells were collected 

using a Percoll density gradient. B) Representative bivariate dot plots of CD11b and 

GLAST-1 labeling of astrocytes and C) CD11b and CD45 labeling of microglia/

macrophages are shown. The mRNA expression of D) IL-1β, E) CCL2, F) CXCL1, G) 
CXCL2, and H) CXCL12 was determined in enriched GLAST-1+ cells (n = 3–6). The 

mRNA expression of I) IL-1β, J) CCL2, K) CXCL1, L) CXCL2, and M) CXCL12 was 

determined in enriched CD11b+ cells (n = 3–6). Values represent average fold change 

compared to the respective control. Bars represent average ± SEM. Means with an asterisk 
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(*) are significantly different from CON (p < 0.05) and means with a number sign (#) tended 

to be different from CON (p ≤ 0.1). (N.D., not detected).
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