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Abstract 32 

 Repeated social defeat (RSD) stress promotes the release of bone marrow-derived 33 

monocytes into circulation that are recruited to the brain, where they augment 34 

neuroinflammation and cause prolonged anxiety-like behavior. Physiological stress activates the 35 

sympathetic nervous system (SNS) and hypothalamic-pituitary-adrenal gland (HPA) axis, and 36 

both of these systems play a role in the physiological, immunological, and behavioral responses 37 

to stress. The purpose of this study was to delineate the role of HPA activation and 38 

corticosterone production in the immunological responses to stress in male C57/BL6 mice. Here, 39 

surgical (adrenalectomy) and pharmacological (metyrapone) interventions were used to abrogate 40 

corticosterone signaling during stress. We report that both adrenalectomy and metyrapone 41 

attenuated the stress-induced release of monocytes into circulation. Neither intervention altered 42 

the production of monocytes during stress, but both interventions enhanced retention of these 43 

cells in the bone marrow. Consistent with this observation, adrenalectomy and metyrapone also 44 

prevented the stress-induced reduction of a key retention factor, CXCL12, in the bone marrow.  45 

Corticosterone depletion with metyrapone also abrogated the stress-induced glucocorticoid 46 

resistance of myeloid cells. In the brain, these corticosterone-associated interventions attenuated 47 

stress-induced microglial remodeling, neurovascular expression of the adhesion molecule ICAM-48 

1, prevented monocyte accumulation and neuroinflammatory signaling. Overall, these results 49 

indicate that HPA activation and corticosterone production during repeated social defeat stress 50 

are critical for monocyte release into circulation, glucocorticoid resistance of myeloid cells, and 51 

enhanced neurovascular cell adhesion molecule expression.   52 

 53 

 54 
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Significance statement  55 

 56 

Recent studies of stress have identified the presence of monocytes that show an exaggerated 57 

inflammatory response to immune challenge and are resistant to the suppressive effects of 58 

glucocorticoids. Increased presence of these proinflammatory monocytes has been implicated in 59 

neuropsychiatric symptoms and the development of chronic cardiovascular, autoimmune and 60 

metabolic disorders. In the current study, we show novel evidence that corticosterone produced 61 

during stress enhances the release of proinflammatory monocytes from the bone marrow into 62 

circulation, augments their recruitment to the brain and the induction of a neuroinflammatory 63 

profile. Overproduction of corticosterone during stress is also the direct cause of glucocorticoid 64 

resistance, a key phenotype in individuals exposed to chronic stress. Inhibiting excess 65 

corticosterone production attenuates these inflammatory responses to stress.   66 

 67 

 68 

 69 

  70 
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Introduction 71 

Psychological stress contributes to the development and exacerbation of anxiety-like 72 

disorders (Kendler et al. 1999, Pasquali 2012). Activation of the sympathetic system (SNS) and 73 

the hypothalamic-pituitary-adrenal (HPA) axis regulates the immunological and behavioral 74 

responses to stress. For instance, HPA activation during stress corresponds with the release of 75 

glucocorticoids from the adrenal cortex. Glucocorticoids regulate glucose and energy 76 

mobilization, and immune functions in response to stress (Sapolsky et al. 2000).  Chronic stress, 77 

however, leads to glucocorticoid resistance and enhanced inflammatory signaling in humans and 78 

rodents (Pace et al. 2006, Cohen et al. 2012). For instance, low socioeconomic status and 79 

prolonged caregiving stress in humans are associated with a “transcriptional fingerprint”, 80 

characterized by enhanced expression of proinflammatory signals in peripheral monocytes and 81 

resistance to the suppressive effects of glucocorticoids (Miller et al. 2008, Miller et al. 2014). 82 

Individuals exposed to chronic stress show high levels of circulating IL-6, which is a strong 83 

indicator of stress-induced psychiatric and cardiovascular disorders (Maes et al. 1999, Maes et al. 84 

2012). Importantly, IL-6 is an acute phase protein regulated by the HPA axis (Zhou et al. 1993). 85 

Thus, over-activation of the HPA axis, along with a blunted response to corticosterone, may lead 86 

to unchecked inflammatory responses that are associated with stress-induced neuropsychiatric, 87 

metabolic and cardiovascular diseases (Walker 2007, Sorrells et al. 2009, Marin et al. 2011).    88 

 The clinical features of chronic stress (e.g., glucocorticoid resistance, enhanced 89 

proinflammatory profile, and elevated plasma IL-6) are recapitulated in the repeated social defeat 90 

model (RSD) of stress in mice (Wohleb et al. 2014, Reader et al. 2015). RSD increases neuronal 91 

and microglial activation, endothelial cell adhesion molecule expression, production and release 92 

of monocytes into circulation, and recruitment to tissues, including the brain (McKim et al. 93 
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2017). Increased presence of circulating monocytes has been reported in stressed individuals, and 94 

monocyte accumulation in the brain vasculature was reported in depressed suicide victims (Heidt 95 

et al. 2014, Torres-Platas et al. 2014). We have identified monocytes in the RSD brain as the pro-96 

inflammatory (CCR2+Ly6Chi) type that propagates IL-1-receptor signaling at the brain vascular 97 

endothelium, causing prolonged anxiety-like behavior (McKim et al. 2017) and long-lasting 98 

“stress sensitization” to subsequent stressors (Wohleb et al. 2014, McKim et al. 2015). Other 99 

recent studies with social defeat in mice show that accumulation of pro-inflammatory monocytes 100 

in the neurovasculature triggers neuropsychiatric complications (Menard et al. 2017). Therefore, 101 

mobilization of inflammatory monocytes from the bone marrow represents an important 102 

mechanism for CNS signaling to the immune system during stress (Weber et al. 2017). 103 

 Exposure to RSD also promotes the induction of glucocorticoid resistance in myeloid 104 

cells. For instance, myeloid cells from the spleen of mice exposed to RSD are resistant to the 105 

anti-inflammatory effects of glucocorticoids (e.g. enhanced IL-6 production following LPS and 106 

sustained viability despite high corticosterone exposure) (Avitsur et al. 2001, Stark et al. 2001). 107 

This glucocorticoid insensitive phenotype of splenocytes following RSD is significant because it 108 

is also present in peripheral monocytes from individuals suffering from chronic stress (Miller et 109 

al. 2002, Miller et al. 2008). Furthermore, monocytes that accumulated in the brain during RSD 110 

displayed an mRNA profile consistent with  glucocorticoid resistance, i.e. reduced glucocorticoid 111 

receptor and increased  IL-1  expression (McKim et al. 2017). In addition, stress-induced 112 

glucocorticoid resistance was associated with elevated inflammatory response to subsequent 113 

innate immune challenge (Quan et al. 2001, Wohleb et al. 2012). Glucocorticoid resistance with 114 

RSD was associated with a failure of the glucocorticoid receptor in myeloid cells to translocate 115 

into the nucleus (Quan et al. 2003).  116 
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 Both HPA and SNS pathways communicate with the immune system in response to 117 

stress. For instance, beta-adrenergic intervention and benzodiazepines prevented the RSD-118 

induced activation of threat appraisal and all downstream changes in the brain and the periphery 119 

(Wohleb et al. 2011, Hanke et al. 2012, Ramirez et al. 2016). Notably, inhibition of threat 120 

appraisal during RSD prevented both HPA and SNS activation. Therefore, the purpose of this 121 

study was to delineate the role of corticosterone in the peripheral immune response to stress. This 122 

is important because corticosterone, generally suppresses inflammatory signaling, but also has 123 

pleiotropic effects (Sorrells et al. 2009). Furthermore, the role of corticosterone on monocyte 124 

production, release and tissue recruitment during stress is unknown. In the current study, we 125 

show for the first time that corticosterone production during RSD promoted mobilization of 126 

monocytes from the bone marrow into circulation.  Moreover, we provide novel evidence that 127 

corticosterone caused glucocorticoid resistance in myeloid cells, and enhanced cell adhesion 128 

molecule expression and inflammatory mediators in the brain during RSD.  129 

 130 

  131 
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Materials and methods 132 

 133 

Mice: Male C57BL/6 mice (6-8 week old) and CD-1 mice (12 month old, retired breeders) were 134 

purchased from Charles River Breeding Laboratories (Wilmington, MA). Adrenalectomized and 135 

sham C57BL/6 mice (6-8 week old) were purchased from Jackson Laboratories, Bar Harbor, 136 

ME. All adrenalectomized mice were provided with supplemental corticosterone (25 μg/mL) in 137 

drinking water until sacrifice (Lehmann et al. 2013). Next, CXCL12-DsRed mice were 138 

generously provided by Sean J. Morrison at University of Texas Southwestern Medical Center. 139 

All experimental mice were housed in cohorts of three, while CD-1 mice were individually 140 

housed. Mice were kept in 11.5 x 7.5 x 6 inch polypropylene cages, and were maintained at 21° 141 

under a 12 hour light/dark cycle with access to food and water ad libitum at the animal housing 142 

facility at The Ohio State University. All mice were allowed to acclimate for 7-10 days before 143 

initiation of any experimental procedure. All procedures were in accordance with the NIH 144 

Guidelines for the Care and Use of Laboratory Animals, and performed with approval from the 145 

The Ohio State University Institutional Animal Care and Use Committee.  146 

 147 

Repeated Social Defeat: The repeated social defeat model of stress involves eliciting a flight or 148 

fight in resident mice in response to an aggressive intruder. In contrast to pair fighting paradigms 149 

of stress, RSD adds a key social component that includes psychological stress caused due to 150 

disruption of the social hierarchy within an established cohort of resident mice. In the current 151 

study, we performed RSD as previously reported (Avitsur et al. 2001, Wohleb et al. 2013). In 152 

brief, a CD-1 aggressor was introduced into the cage of an established cohort (3 mice) of 153 

C57BL/6 mice for 2 hours (17:00 to 19:00 h) daily for 6 consecutive nights.  If the intruder 154 
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mouse did not attack in the first 5 minutes, it was replaced by a new intruder. Different intruder 155 

mice were used on consecutive days. During each episode of stress, resident mice were 156 

monitored for submissive behaviors including, crouching, fleeing and upright posture. At the end 157 

of the 2 h period, the intruder mice were returned to their original cages, and the resident mice 158 

were left undisturbed until the next episode of stress the following day. The health status of the 159 

mice was carefully examined throughout the experiment. In the event of an injury, mice were 160 

removed from the experiment. Consistent with our previous studies, less than 5% of the mice 161 

met early removal criteria. The control mice were left undisturbed in their home cages during the 162 

study.  163 

 164 

Experimental protocols 165 

 ADX intervention and stress:  Male C57BL/6 mice were subjected to sham or 166 

adrenalectomy (ADX) surgery at Jackson Laboratories. Mice were shipped to OSU and allowed 167 

7 days to recover.  All adrenalectomized mice were provided with supplemental corticosterone 168 

(25 μg/mL) in drinking water until sacrifice (Lehmann et al. 2013). Under homeostatic 169 

conditions, corticosterone production follows a circadian oscillatory pattern, i.e. sustained 170 

increases during active phase and reduction during passive phase. This oscillatory production of 171 

corticosterone is necessary in maintaining the physiological functions (e.g. homeostatic ACTH 172 

levels) but not enough to elicit a stress response (Jacobson et al. 1988, Dhabhar et al. 2012). 173 

Because adrenalectomized mice are unable to produce corticosterone, the supplemental 174 

corticosterone in drinking water is necessary to maintain the circadian rhythmicity of 175 

corticosterone in these mice.  176 
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 Next, mice were exposed to 6 cycles of repeated social defeat (Stress).  Plasma for 177 

corticosterone was collected via submandibular bleeds immediately after stress (3 experiments, 178 

n=3-4 per experiment).  In addition, bone marrow, blood, spleen, and brain (2 experiments, n=3-179 

4 per experiment) were collected 14 h after the last cycle of stress.  IL-6 protein levels were 180 

determined in plasma (2 experiments, n=3-4 per experiment).  Percentage of monocytes and 181 

granulocytes (2 experiments, n=3-4 per experiment) were determined in the blood and bone 182 

marrow, and CXCL12 mRNA levels (2 experiments, n=3-4 per experiment) were also 183 

determined in the bone marrow.  For brain mRNA levels, a 1 mm coronal section from the brain 184 

(approximately -0.34 mm to -1.34 mm Bregma) was collected (2 experiments, n=3-4 per 185 

experiment) and the rest of the brain was used to collect CD11b+ cells for flow cytometry (2 186 

experiments, n=3-4 per experiment). In a separate study, mice were treated as above, and were 187 

perfused and paraformaldehyde-fixed. ICAM-1 expression was determined by 188 

immunohistochemistry (1 experiment, n=3-4).   189 

 CXCL12 reporter and stress: Male CXCL12-DsRed mice were exposed to control or 190 

repeated social defeat (Stress). Mice were perfused, paraformaldehyde-fixed, and bone marrow 191 

was collected to evaluate RFP expression (1 experiment, n=3)  192 

 Metyrapone intervention and stress: Male C57BL/6 mice were injected intraperitoneally 193 

daily with either vehicle (water) or 100 mg/kg metyrapone (Enzo Life Sciences, Farmingdale, 194 

NY; Catalog# BML-EI256) 30 minutes prior to control or repeated social defeat (Stress). Plasma 195 

for corticosterone was collected via submandibular bleed immediately after stress (2 196 

experiments, n=3-4 per experiment). In addition, bone marrow, blood, spleen, and brain (2 197 

experiments, n=3-4 per experiment) were collected 14 h after the last cycle of stress.  IL-6 198 

protein levels were determined in plasma (1 experiment, n=3-4). Percentage of monocytes and 199 
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granulocytes determined in the bone marrow and blood (2 experiments, n=3-4 per experiment).  200 

CXCL12 mRNA levels were determined in the bone marrow (1 experiment, n=3-4). For mRNA 201 

analysis in the brain, a 1 mm coronal section from the brain (approximately -0.34 mm to -1.34 202 

mm Bregma) was collected (2 experiments, n=3-4 per experiment), and the rest of the brain was 203 

used to collect CD11b+ cells for flow cytometry. In a separate study mice were treated as above 204 

and mice were perfused and paraformaldehyde-fixed. ΔFosB, Iba-1 and ICAM-1 expression 205 

were determined by immunohistochemistry (1 experiment, n=3-4). In a final study, mice were 206 

treated as above with MTP and exposed to stress.  The spleen was collected 14 h after the last 207 

cycle of stress.  Splenocytes were cultured ex vivo with LPS and treated with increasing doses of 208 

corticosterone.  Cell survival and supernatant IL-6 levels were determined (2 experiments, n=3-4 209 

per experiment).   210 

 211 

Isolation of CD11b+ cells from the brain:  CD11b+ cells were enriched by Percoll isolation as 212 

described previously (Wohleb et al. 2013). At 14 hours after the last cycle of stress, mice were 213 

asphyxiated, perfused with ice-cold PBS, and brains was collected. Brain samples were 214 

homogenized using Glass Potter Elvehjem Tissue Grinder (OMNI International, Kennesaw, GA) 215 

and centrifuged at 900g for 6 minutes. Then, cells were pelleted and suspended in 70% isotonic 216 

Percoll (GE-Healthcare, Marlborough, MA). This suspension was layered with 50%, 35% and 217 

0% isotonic Percoll to create a discontinuous Percoll gradient. This gradient was centrifuged at 218 

2070g for 20 minutes, and cells were collected from the 70-50% Percoll interface. This interface 219 

is enriched with >90% CD11b+ cells (Wohleb et al. 2013). 220 

 221 
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Isolation of bone marrow and blood cells: Fourteen hours after the last cycle of stress, mice 222 

were asphyxiated, and blood and bone marrow samples were collected. Bone marrow was 223 

collected from the femur and flushed out with ice-cold PBS. Samples were homogenized using a 224 

syringe plunger and filtered through a 70-uM nylon strainer. Blood samples were collected by 225 

cardiac puncture into EDTA-lined syringes and red blood cells were lysed using lysis buffer 226 

(0.16M NH4Cl, 10mM KHCO3, 0.13mM EDTA). Samples were washed and cells were counted 227 

using a BD Coulter Particle Count and Size Analyzer (Beckman Coulter Inc., Pasadena, CA). 228 

 229 

Corticosterone ELISA: Blood samples were collected by submandibular bleeding immediately 230 

after the last cycle of stress (approximately 7 PM). Plasma was extracted and stored at -80 °C. 231 

Corticosterone concentrations were evaluated using the Corticosterone EIA kit (Enzo Inc., 232 

Farmingdale, NY; Catalog# ADI-900-097) following manufacturer’s instructions.   233 

 234 

Real time qPCR from brain and bone marrow samples: Fourteen hours after the last cycle of 235 

stress, mice were asphyxiated, and brain and bone marrow samples were collected. For brain 236 

mRNA analysis, a 1 mm coronal section of the brain (approximately -0.34 mm to -1.34 mm 237 

Bregma) was collected and flash frozen in liquid nitrogen. This brain section, collected using a 238 

mouse brain matrix (Kent Scientific, Torrington, CT; Catalog# RBMS-200C), was used to 239 

evaluate the general inflammatory profile of the brain following stress and interventions. The rest 240 

of the brain was used for isolation of CD11b+ cells for cell flow cytometric analyses.  RNA was 241 

extracted using a tri-reagent/isopropranolol precipitation protocol (McKim et al. 2016). RNA 242 

concentration and quality was determined using the NanoPhotometer (Implen, Munich, 243 

Germany). RNA was reverse transcribed into cDNA using a High-Capacity cDNA Reverse 244 
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Transcription Kit (Applied Biosystems, Foster City, CA). Real time quantitative PCR was 245 

performed using the Applied Biosystems Taqman Gene Expression Assay-on-Demand Gene 246 

Expression protocol. Target cDNA and reference cDNA [glyceraldehyde-3-phosphate 247 

dehydrogenase (GAPDH)] were amplified simultaneously using a primer/probe set consisting of 248 

an oligonucleotide probe with a 5’ fluorescent reporter dye (FAM) and a 3’ quencher dye (non-249 

fluorescent) for each gene of interest (Life Technologies, Carlsbad, CA). Fluorescence was 250 

determined on an ABI PRISM 7300-sequence detection system (Applied Biosystems, Foster 251 

City, CA). Data were analyzed using the comparative threshold cycle method, and results were 252 

expressed as fold change compared to the reference gene, GAPDH.  253 

For bone marrow mRNA analysis, femurs were flushed with ice-cold PBS and 254 

homogenized using a syringe plunger and filtered through a 70 uM strainer. Cells were 255 

centrifuged and pelleted into RNA lysis buffer (PrepEase Kit, USB, CA), and RNA isolation was 256 

performed according to manufacturer’s instructions. RNA concentration and quality was 257 

determined using the NanoPhotometry (Implen, Munich, Germany). Reverse transcription and 258 

subsequent real time quantitative PCR were performed via the same procedure as for the brain 259 

(described above). Because the commonly used housekeeping gene [glyceraldehyde-3-phosphate 260 

dehydrogenase (GAPDH)] was altered in the bone marrow by repeated social defeat stress, Eef2 261 

(Eukaryotic translation elongation factor 2) expression was validated and used as reference 262 

cDNA for real time quantitative PCR of bone marrow samples. Data were analyzed using the 263 

comparative threshold cycle method, and results were expressed as fold change compared to the 264 

reference gene, Eef2. 265 

 266 
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Immunohistochemistry and Digital Image Analysis of ICAM-1 and ΔFosB: Fourteen hours 267 

after the last cycle of stress, mice were asphyxiated, transcardially perfused with ice-cold PBS 268 

followed by 4% paraformaldehyde. Brain samples were post-fixed in formaldehyde for 24 h, 269 

followed by additional 48 h incubation in 30% sucrose at 4°C. Fixed brain samples were frozen 270 

with isopentane (-78°C) and dry ice, and stored at -80°C until sectioning. Frozen brain samples 271 

were sectioned at 25 M using a Microm HM550 cryostat (Thermofisher, Dublin, OH) and free-272 

floating sections were preserved in cryoprotectant at -20°C until labeling. Sections were washed 273 

in 1X PBS and blocked with 5% normal donkey serum (1%BSA & 0.1% Triton-X in PBS) for an 274 

hour at room temperature, followed by an overnight 4°C incubation with primary antibodies: 275 

goat anti-ICAM1 (1:500; R&D Systems, Minneapolis, MN; Catalog# AF796, 276 

RRID:AB_2248703), rabbit anti-ΔFosB (1:2000; Abcam, Boston, MA; Catalog# ab184938, 277 

RRID: AB_2721123) or rabbit anti-Iba1 (1:1000; Wako, Richmond, VA; Catalog# 019-19741, 278 

RRID:AB_839504) or rat anti-Ly6C (1:500; Abcam, Boston, MA; Catalog# ab15627, RRID: 279 

AB_302004). Sections were washed in 1X PBS and incubated with the corresponding secondary 280 

antibodies conjugated with fluorochromes (Alexa Fluor 488 or Alexa Fluor 594). Following 2 281 

hours of incubation at room temperature, sections were washed in DAPI (1:100), then mounted 282 

and coverslipped with Fluoromount G (Beckman Coulter Inc., Pasadena, CA), and stored at -283 

20°C. Images were taken on a Zeiss 510 Meta confocal microscope and analyzed using ImageJ 284 

software. For the digital imaging analysis of ICAM-1 and Iba1 images, a threshold for positive 285 

labeling (full view of the labeled blood vessel, or a full view of labeled microglia with 286 

background excluded) was determined for each image. Data were processed by ImageJ using the 287 

densitometric scanning of the threshold targets, and results expressed as the average percent area 288 
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with positive labeling. For ΔFosB analysis, the number of cells positive for ΔFosB labeling was 289 

counted for each image.  290 

 291 

Bone marrow processing and immunofluorescent labeling: Immediately after the last cycle of 292 

stress, CXCL12-DsRed mice were asphyxiated, transcardially perfused with ice-cold PBS 293 

followed by 4% formaldehyde. Femurs were isolated and post-fixed in 4% formaldehyde for 48 294 

h at 4°C. Samples were then transferred into decalcification buffer (0.5 M EDTA in PBS) and 295 

incubated at 4°C for 48 hours. Samples were then frozen with isopentane (-78°C) and dry ice and 296 

stored at -80°C until sectioning.  Next, frozen bone marrow samples were sectioned at 14 M, 297 

collected on SuperfrostTM Plus slides (Fisher Scientific, VA), and stored at -20°C. Slides were 298 

washed with 1X PBS, incubated with 5% normal donkey serum (1%BSA & 0.1% Triton-X in 299 

PBS) for an hour at room temperature, followed by primary antibody rabbit anti-RFP (1:500; 300 

Abcam, Boston, MA; Catalog# ab124754, RRID:AB_10971665) incubation overnight at 4°C. 301 

Slides were washed in 1X PBS and incubated with an Alexa 594 fluorochrome-conjugated 302 

antibody for 2 h at room temperature. Slides were washed, allowed to dry and coverslipped with 303 

Fluoromount G (Beckman Coulter Inc., Pasadena, CA), and stored at -20°C. Images were taken 304 

using a Zeiss 510 Meta confocal microscope and analyzed using ImageJ software, as described 305 

above.  306 

 307 

Glucocorticoid (GC) Resistance Assay: Fourteen hours after the last cycle of stress, spleens 308 

were collected in ice-cold PBS. Spleen samples were homogenized using a syringe plunger and 309 

filtered through a 70 μM strainer. Cells were centrifuged and pelleted into ice-cold Hanks’ 310 

Balanced Salt Solution (HBSS) to obtain single cell suspensions. Red blood cells were lysed 311 
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using the lysis buffer (0.16 M NH4Cl, 10 mM KHCO3, 0.13 mM EDTA), and samples were 312 

washed in 10% fetal bovine serum/HBSS. Samples were resuspended in media RPMI 1640 313 

Medium, GlutaMAXTM (ThermoFisher Scientific, Dublin, OH; Catalog# 61870-036) 314 

supplemented with 10% fetal bovine serum, 100 U/mL penicillin and 100 μg/mL streptomycin 315 

sulfate. Cells (2 X 105 per well) were plated in triplicates on a 96 well plate (Corning, Corning, 316 

NY; Catalog# 3596). LPS (Sigma, St. Louis, MO; L-2630) was added at 1 μg/mL per well. 317 

Corticosterone (Sigma, St. Louis, MO; Catalog# 27840) solutions with 0.2% ethanol were 318 

prepared in media and added to the wells at varying concentrations (0, 0.05, 0.1, 0.5 & 5 μM). 319 

Cells were cultured with LPS and Corticosterone at 37°C in 5% CO2 for 18 hours for IL-6 320 

ELISA and for 48 hours for cell viability analysis. 321 

 322 

IL-6 ELISA: To determine IL-6 production from splenocytes, supernatant samples were 323 

collected 18 hours after culture and incubation (as described above), and stored at -80 °C. IL-6 324 

levels were determined using the BD OptEIA Mouse IL-6 ELISA (BD Biosciences, San Jose, 325 

CA) as previously described (Stark et al. 2001).  In brief, a 96-well plate was coated with anti-326 

mouse IL-6 capture antibodies and allowed to incubate overnight at 4 °C. Standards (0-1000 327 

pg/mL) and samples were added and incubated for 2 hours at room temperature. Plates were 328 

washed and incubated with biotinylated anti-mouse IL-6 antibody. Plates were then incubated 329 

with streptavidin-horseradish peroxidase conjugate for 1 hour. Tetramethylbenzidine substrate 330 

was added next and reaction was stopped after a 15-minute incubation. Plates were read at 450 331 

nm using a Spectramax plate reader (Molecular Devices, St. Louis, MO). For plasma IL-6 332 

ELISA, Blood samples were collected via cardiac puncture 14 hours after the last cycle of stress, 333 

and plasma was stored at -80 °C. IL-6 levels were determined as described above. 334 
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Cell viability Assay: Cell viability was assessed as previously described (Hanke et al. 2012). In 335 

brief, the Cell Titer 96 aqueous nonradioactive proliferation assay (Promega; Madison, WI) was 336 

used to determine cell viability of LPS-activated splenocytes cultured ex vivo with 337 

corticosterone. At 45 hours following treatment with corticosterone, tetrazolium substrate 338 

solution (20 μl) was added to each well. Samples were incubated at 37 °C in 5% CO2 for 3 h, 339 

and color changes were quantified by obtaining optical density (OD) readings at 450 nm on the 340 

Spectramax plate reader (Molecular Devices, St. Louis, MO). To account for differences in 341 

background activity of cells, the mean OD of three control wells were subtracted for a given 342 

treatment from each of the corresponding LPS-stimulated values. Control wells contained 343 

untreated cells. Results were shown as the percentage of proliferation at baseline (LPS 344 

stimulation, no corticosterone treatment).  345 

 346 

Statistical Analyses: To test for normal distribution, data were subjected to Shapiro–Wilk test 347 

using Statistical Analysis Systems (SAS) statistical software. Observations 2 standard deviations 348 

above and below the mean were considered outliers and excluded from subsequent analysis.  In 349 

total, 22 out of 749 observations were excluded after outlier analysis. To determine significant 350 

main effects and interactions between main factors, data were analyzed using two-way (stress × 351 

intervention) ANOVA using the General Linear Model procedures of SAS. When there was a 352 

main effect of experimental treatment or a treatment interaction effect, differences between 353 

group means were evaluated by an F-protected t test using the Least-Significant Difference 354 

procedure of SAS. Post hoc analysis results are depicted graphically in figures. All data are 355 

expressed as mean ± SEM. 356 

 357 

 358 
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Results 359 

 360 

Stress-induced release of inflammatory monocytes from the bone marrow into circulation 361 

was prevented by adrenalectomy. RSD promotes the release of bone marrow-derived 362 

monocytes into circulation that are recruited to the brain, augment neuroinflammation, and cause 363 

prolonged anxiety-like behavior (Wohleb et al. 2013, McKim et al. 2017). Physiological stress 364 

activates the sympathetic nervous system and the HPA axis, both of which play a role in the 365 

physiological, immunological, and behavioral responses to stress (Wohleb et al. 2011, Ramirez 366 

et al. 2016). Therefore, the aim of this study was to delineate the role of HPA activation and 367 

corticosterone production in the physiological and immunological responses to RSD.  368 

 In the first set of experiments, adrenalectomized (ADX) mice were exposed to stress (six 369 

cycles of repeated social defeat), and several physiological and immunological parameters were 370 

determined 14 h later. Stress increased plasma corticosterone levels in the sham mice (Fig.1A, 371 

F(1,30)=17.39; p < 0.0003). As expected, removal of the adrenal glands (ADX) ablated this 372 

increase (Fig.1A, stress x intervention interaction (F(1,30)=11.91; p < 0.003).  In addition, stress 373 

increased plasma IL-6 levels (Fig.1B, F(1,21)=8.07; p < 0.02) that were prevented in ADX-stress 374 

mice compared to sham-stress mice (p < 0.05).  Stress also increased spleen weight (Fig.1C, 375 

F(1,37)=25.29; p < 0.0001), but this increase was independent of ADX. 376 

  Stress promotes a profound increase in monocyte and granulocyte production within the 377 

bone marrow (Ramirez et al. 2016, McKim et al. 2017). Here, we examined the production of 378 

monocytes and granulocytes in adrenalectomized mice after stress exposure.  Consistent with 379 

previous work (Wohleb et al. 2013), stress increased the percentage of monocytes 380 

(CD11b+/Ly6Chi) and granulocytes (CD11b+/Ly6Cint) in the bone marrow (Fig.1D-F, p < 0.001, 381 

for each). These increases were unaffected by ADX (Fig.1E&F). Stress also increased the 382 



 

18 
 

percentage of circulating Ly6Chi monocytes (Fig.1G&H, F(1,22)=16.99; p < 0.006).  Post hoc 383 

analysis revealed that ADX-stress mice had significantly fewer circulating monocytes than 384 

sham-stress mice (p < 0.005). Overall, ADX attenuated corticosterone production during stress 385 

and reduced the release of inflammatory monocytes into circulation without altering their 386 

production in the bone marrow.  387 

 388 

Stress-associated reduction of CXCL12 in the bone marrow was attenuated by 389 

adrenalectomy. We show that ADX prevented the release of monocytes into circulation, but did 390 

not alter their production in the bone marrow (Fig.1).  Therefore, we sought to determine if the 391 

reduced release of monocytes in ADX mice was associated with altered CXCL12 expression, a 392 

key chemokine important for the retention of hematopoietic stem cells and monocytes in the 393 

bone marrow (Heidt et al. 2014). First, CXCL12-DsRed mice were exposed to stress, and 394 

CXCL12 protein levels were determined in the bone marrow.  Fig.2A shows that stress caused a 395 

marked reduction in CXCL12 protein expression in the bone marrow. This effect was paralleled 396 

in wild-type mice that had a significant reduction in CXCL12 mRNA in the bone marrow after 397 

RSD (Fig.2B, p < 0.005). In a separate experiment, mice were adrenalectomized (ADX) prior to 398 

exposure to stress and CXCL12 mRNA expression was determined in the bone marrow. Again, 399 

stress reduced CXCL12 mRNA expression in the bone marrow (Fig.2C, F(1,16)=5.36, p < 0.05). 400 

In addition, ADX increased bone marrow CXCL12 mRNA (Fig. 2C, F(1,16)=10.70; p < 0.01). 401 

Post hoc analysis confirmed that sham-stress mice had lower CXCL12 mRNA expression 402 

compared to sham-control mice (p < 0.05), and this reduction was not evident in ADX-stress 403 

mice compared to ADX-control. Taken together, stress reduced CXCL12 expression in the bone 404 

marrow and this reduction was prevented by ADX. 405 
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Stress-induced monocyte accumulation in the brain and the neurovascular induction of 406 

intercellular adhesion molecule-1 (ICAM-1) was prevented by adrenalectomy. Next, we 407 

assessed the effects of adrenalectomy (ADX) and stress on monocyte accumulation in the brain 408 

and endothelial ICAM-1 induction. Corresponding with our previous reports (McKim et al. 409 

2016, McKim et al. 2017), stress increased the presence of monocytes (CD11b+/CD45hi) in the 410 

brain (Fig.3A&B, F(1,23)=34.28, p < 0.0002). This monocyte accumulation in the brain with 411 

stress tended to be attenuated by ADX (Fig.3A&B, stress x intervention (F(1,23)=4.07; p = 412 

0.06). Post hoc analysis confirmed that ADX-stress mice had significantly fewer monocytes in 413 

the brain compared to sham-stress mice (p < 0.02).   414 

 We next determined mRNA expression of several key inflammatory mediators, IL-1β, 415 

TLR4, and ICAM-1, in a coronal brain section collected from the same mice used in the flow 416 

cytometric analysis above. The coronal section was used to evaluate the general inflammatory 417 

profile of the brain following stress and interventions. While ADX reduced TLR4 mRNA levels 418 

in the brain (Fig.3C, F(1,12)=74.89; p < 0.0001), there was no main effect of stress on TLR4 419 

mRNA expression. Stress also increased IL-1β mRNA expression in the brain (Fig.3D, 420 

F(1,35)=20.47; p < 0.0001), but this increase was independent of ADX (Fig.3D). Stress 421 

increased ICAM-1 levels in the brain (Fig.3E, F(1,14)=10.51; p < 0.01), and this induction was 422 

attenuated by ADX.  Post hoc analysis revealed that ADX-stress mice tended to have lower 423 

mRNA expression of ICAM-1 compared to sham-stress mice (p = 0.06).    424 

Last, intercellular adhesion molecule-1 (ICAM-1) protein expression was determined 425 

with ADX and stress. The recruitment/accumulation of monocytes was associated with increased 426 

ICAM-1 expression in the brain endothelial cells. The selective expression of ICAM-1 labeling 427 

on endothelial cells was confirmed by co-labeling with Ly6C. Ly6C is strongly expressed on 428 
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endothelial cells and remains unaltered during inflammatory events (Jutila et al. 1988, Wohleb et 429 

al. 2013, Zhang et al. 2014, Liu et al. 2015). In the current study, Ly6C expression on the brain 430 

endothelial cells was unaffected by stress or adrenalectomy (data not shown). Here, ICAM-1 431 

expression was increased with stress in the dentate gyrus (Fig.3F&G, F(1,11)=7.29; p < 0.05) 432 

and prelimbic cortex (Fig.3H, F(1,15)=8.26; p < 0.05). Post hoc analysis confirmed that ICAM-1 433 

expression was significantly higher in the sham-stress mice compared to ADX-stress in the 434 

dentate gyrus (p < 0.02) and tended to be higher in the prelimbic cortex (p=0.06). Collectively, 435 

increased monocyte recruitment/accumulation and ICAM-1 induction in the brain endothelial 436 

cells during stress were attenuated by adrenalectomy.  437 

 438 

Stress-induced release of inflammatory monocytes from the bone marrow into circulation 439 

was attenuated by metyrapone. We show that adrenalectomy prevented the stress-induced 440 

release of inflammatory monocytes into circulation. ADX, however, may exert broad effects on 441 

homeostatic endocrine functioning (Cruz-Topete et al. 2016). Therefore, metyrapone (MTP) 442 

intervention was used during stress to ablate corticosterone production. Metyrapone prevents 443 

corticosterone synthesis by inhibiting 11β-hydroxylase, the enzyme that converts inert 444 

corticosterone into active corticosterone (Garcia-Garcia et al. 2017). Here, mice were treated 445 

with vehicle or MTP 30 min prior to each cycle of social defeat, and several physiological and 446 

immune parameters were determined 14 h after stress. First, stress-induced neuronal activation 447 

(i.e., ΔFosB expression) within threat appraisal centers was determined with or without MTP 448 

intervention. Notably, ΔFosB (an isoform of FosB) is an immediate early gene detected in 449 

neurons (Perrotti et al. 2004), and has a longer half-life compared to other immediate early genes 450 

(e.g. c-Fos) (McClung et al. 2004). Therefore, it serves as a marker of cumulative neuronal 451 
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activation over the six days of repeated social defeat stress (McKim et al. 2017). Here, we show 452 

that stress increased neuronal activation (i.e., ΔFosB expression) in the prelimbic cortex 453 

(Fig.4A&B, (F(1,11)=17.69, p < 0.01) and this increase was maintained independent of MTP 454 

intervention.  455 

Next, plasma corticosterone and spleen weight were assessed after stress and MTP 456 

intervention.  Similar to the ADX experiment, stress increased plasma corticosterone levels 457 

(Fig.4C, F(1,22)=22.21; p < 0.0002) and this increase was attenuated by MTP (Fig.4C, stress x 458 

intervention (F(1,22)=13.31, p < 0.002).  Parallel to this, stress increased plasma IL-6 (Fig.4D, 459 

F(1,14)=7.38; p < 0.05), which was also attenuated by MTP. For example, post hoc analysis 460 

revealed that MTP-stress mice had significantly lower IL-6 levels in the plasma compared to 461 

vehicle-stress mice (p < 0.05). Stress also increased spleen weight (Fig.4E, (F(1,26)=48.31; p < 462 

0.0001), but this increase was independent of MTP. Taken together, MTP attenuated activation 463 

of the HPA axis during stress, without affecting threat appraisal (neuronal activation) of the 464 

stressor.   465 

 Next, we assessed the effects of MTP intervention on monocyte production and release in 466 

response to stress. Consistent with the ADX results, stress increased the production of monocytes 467 

(CD11b+/Ly6Chi) and granulocytes (CD11b+/Ly6Cint) in the bone marrow (Fig.4F&G, p < 0.001, 468 

for each), but these increases were unaffected by MTP intervention.  Nonetheless, the stress-469 

induced release of Ly6Chi monocytes in circulation (Fig.4H&I, F(1,23)=86.41; p < 0.0001) was 470 

attenuated by MTP intervention (Fig.4H&I, stress x intervention, F(1,23)=5.30; p < 0.05).  More 471 

specifically, the percentage of circulating Ly6Chi monocytes was lower in the MTP-treated  472 

stress mice compared to the vehicle-treated stress mice (p < 0.0005), but these levels were still 473 

higher than in control mice (p < 0.0001). Last, we determined the effects of stress and MTP 474 
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intervention on CXCL12 expression, a key retention factor for bone marrow stem cells and 475 

monocytes. Stress reduced CXCL12 mRNA levels in the bone marrow (Fig.4J, (F(1,9)=11.99; p 476 

< 0.05) in an MTP-dependent manner (Fig.4J, stress x intervention, (F(1,9)=5.62; p < 0.05). Post 477 

hoc analysis confirmed that CXCL12 mRNA levels in the bone marrow were significantly 478 

reduced in the vehicle-stress mice compared to vehicle-controls (P < 0.05).  Moreover, CXCL12 479 

mRNA levels in the bone marrow of MTP-stress mice were not different compared to MTP-480 

controls (Fig.4J). Overall, MTP intervention during stress reduced the release of inflammatory 481 

monocytes into circulation by increasing their retention in the bone marrow. 482 

 483 

Metyrapone attenuated stress-induced glucocorticoid resistance of splenocytes. We have 484 

previously reported that myeloid cells from the spleen of mice exposed to RSD have an 485 

exaggerated inflammatory response to LPS stimulation and a resistance to the suppressive effects 486 

of corticosterone (i.e, glucocorticoid resistance) (Stark et al. 2001, Hanke et al. 2012). Here, we 487 

examined the effects of MTP on stress-induced glucocorticoid resistance of splenocytes.  In this 488 

experiment, splenocytes were collected 14 h after stress, cultured ex vivo, activated with LPS, 489 

and incubated with increasing concentrations of corticosterone. Fig.5A shows that an increasing 490 

concentration of corticosterone from 0 μM (baseline) to 5 μM reduced the survival of LPS-491 

activated splenocytes from vehicle-control and MTP-control groups. The LPS-activated 492 

splenocytes from vehicle-stress group had a higher rate of survival (i.e. glucocorticoid resistance) 493 

under all concentrations of corticosterone when compared to vehicle-controls (p < 0.01 for each 494 

dose).  Moreover, the ability of corticosterone to reduce survival of splenocytes was dependent 495 

on MTP intervention (Fig.5A, stress x intervention, F(1,18)=6.28; p < 0.05).  For example, cell 496 

survival of the splenocytes from the MTP-stress group was reduced by corticosterone at 0.5 M 497 
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(p < 0.05) and 5 M (p < 0.01) compared to the vehicle-stress group. These findings indicate that 498 

the increased glucocorticoid resistance of splenocytes following exposure to stress was 499 

attenuated by MTP intervention.        500 

 Next, in order to assess the effect of stress and MTP on the inflammatory capacity of 501 

splenocytes, IL-6 levels were determined in supernatants from the duplicate preparation of the 502 

same ex vivo cultures as described above. LPS-activated splenocytes from vehicle-stress mice 503 

produced significantly higher IL-6 in presence of corticosterone compared to vehicle-control 504 

mice (p < 0.0001, for all concentrations). Furthermore, this IL-6 response was significantly 505 

reduced with MTP intervention (Fig. 5B, stress x intervention, F(1,11)=6.72; p < 0.05). 506 

Compared to MTP-stress, LPS-activated splenocytes from vehicle-stress mice produced the 507 

highest IL-6 levels in the presence of corticosterone (p < 0.007 at 0 M; p < 0.02 at 0.05 M; p < 508 

0.0003 at 0.1 M; p < 0.0001 at 0.5 M & p < 0.001 at 5 M). Overall, stress augmented the 509 

proinflammatory response of splenocytes to LPS, and that these splenocytes were resistant to the 510 

anti-inflammatory actions of corticosterone. Furthermore, the stress-induced exaggerated 511 

inflammatory response to LPS was attenuated by MTP intervention.  512 

 513 

Metyrapone attenuated monocyte recruitment to the brain and prevented 514 

neuroinflammatory signaling. Next, the effects of stress and MTP intervention on microglial 515 

morphology, monocyte accumulation in the brain, and inflammation were assessed. As expected, 516 

stress increased the morphological restructuring of microglia (i.e., increased % area of Iba-1 517 

labeling) in the dentate gyrus (Fig.6A&B, F(1,11)=9.17; p < 0.02). There was no difference in 518 

the morphological restructuring of microglia between MTP-treated control and MTP-treated 519 

stress mice (p = 0.29). Stress also increased microglial restructuring in the prelimbic cortex 520 
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(Fig.6C, F(1,11)=6.82; p < 0.05), and this increase was prevented by MTP intervention (Fig.6C, 521 

stress x intervention, F(1,11)=6.82; p <0.05). For example, vehicle-treated stress mice showed 522 

higher Iba-1 expression of microglia compared to MTP-treated stress mice (p < 0.05).  523 

Therefore, MTP intervention during stress may lead to region-dependent reductions in the 524 

morphological alterations of microglia.  525 

 Next, we examined monocyte recruitment to the brain with MTP intervention during 526 

stress. MTP attenuated the stress-induced accumulation of monocyte/macrophages 527 

(CD11b+/CD45hi) in the brain (Fig.6D&E, stress x intervention, F(1,11)=8.75; p < 0.001).  For 528 

example, vehicle-stress mice had significantly more monocytes in the brain compared to MTP-529 

stress mice (Fig.6B, p < 0.005).  MTP-stress mice, however, still had more monocytes in the 530 

brain than control mice (p < 0.05).   In the same experiments, mRNA expression of inflammatory 531 

mediators, TLR4, IL-1β and ICAM-1 were also determined in a coronal section of the brain.  532 

TLR4 mRNA levels were unaffected by either stress or MTP treatment (Fig.6F).  IL-1β mRNA 533 

levels were increased in the brain after stress (Fig.6G, F(1,24)=11.43; p < 0.0028), and this 534 

increase was attenuated by MTP (Fig.6G, stress x intervention, (F(1,24)=4.19; p = 0.05). For 535 

example, vehicle-stress mice had significantly higher IL1β mRNA levels in the brain (p < 0.01) 536 

compared to MTP-stress mice.  ICAM-1 mRNA in the brain was also increased by stress 537 

(Fig.6H, F(1,22)=7.29; p < 0.01) and this increase was prevented by MTP (Fig.6H, stress x 538 

intervention, F(1,22)=20.96; p < 0.001). For instance, vehicle-stress mice had significantly 539 

higher ICAM-1 mRNA (p < 0.0001) compared to MTP-stress mice.  Taken together, MTP 540 

prevented stress-induced morphological changes in microglia, recruitment of monocytes, ICAM-541 

1 and IL1β mRNA induction in the brain.   542 

 543 
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Metyrapone prevented stress-induced induction of endothelial intercellular cell adhesion 544 

molecule-1 (ICAM-1) in the brain. Last, the effects of stress and MTP intervention on ICAM-1 545 

induction were assessed. As indicated by ICAM-1 expression on Ly6C+ brain endothelial cells, 546 

there was a neurovascular induction of ICAM-1 protein by stress in the dentate gyrus 547 

(Fig.7A&B, F(1,11)=15.41; p < 0.006) and prelimbic cortex (Fig.7C, F(1,11)=6.21; p < 0.05). 548 

Furthermore, this increase was attenuated by MTP intervention (Fig.7A&B, stress x intervention, 549 

F(1,11)=24.81, p < 0.002 for DG & Fig.7C, (F(1,11)=7.09, p < 0.03 for PrL).  Vehicle-stress 550 

mice had a higher ICAM-1 protein expression compared to MTP-stress mice in the dentate gyrus 551 

(p < 0.01) and in the prelimbic cortex (p < 0.05). Thus, MTP intervention was effective in 552 

preventing stress-induced ICAM induction within threat appraisal centers.  553 

 554 

Discussion  555 

 We and others have reported that repeated social defeat stress enhanced the production 556 

and release of inflammatory monocytes that accumulate in the brain (Wohleb et al. 2013, Menard 557 

et al. 2017). RSD also induced endothelial cell adhesion molecule expression and microglial 558 

activation, marked by the production of chemokines and pro-inflammatory mediators. This 559 

microglial activation was associated with the recruitment of monocytes that induced 560 

neuroinflammatory signaling and anxiety-like behavior (McKim et al. 2017). Activation of the 561 

peripheral immune compartments during RSD occurred through the sympathetic nervous system 562 

(SNS) and the HPA axis (Hanke et al. 2012, Ramirez et al. 2016). Our objective here was to 563 

delineate the effects of HPA activation and corticosterone on immune dysregulation during RSD.  564 

We report that corticosterone produced during stress did not alter monocyte production in the 565 

bone marrow, but promoted their release into circulation in a CXCL12-dependent manner. 566 

Corticosterone also enhanced neuroendothelial ICAM-1 expression that was associated with 567 
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increased accumulation of monocytes and enhanced IL-1β production in the brain. Last, 568 

corticosterone production during stress was responsible for glucocorticoid resistance in the 569 

splenic myeloid cells.  570 

 An important confirmation from this study was that stress-induced HPA activation 571 

resided downstream of the threat appraisal circuitry.  RSD increases the number of ΔFosB and 572 

cFos-positive cells in the threat appraisal regions, including prelimbic cortex, hippocampus and 573 

amygdala (Wohleb et al. 2011, McKim et al. 2017). Noradrenergic and GABAergic interventions 574 

(Wohleb et al. 2011, Ramirez et al. 2016) prevented this stress-induced threat appraisal 575 

activation, which also prevented monocyte release and accumulation in the brain. Because stress 576 

activates both the SNS and HPA axis, our goal was to intervene in the stress-response pathway at 577 

the level of corticosterone production, a physiological hallmark of stress response (Sapolsky et 578 

al. 2000). Corticosterone depletion prevented the increase in plasma corticosterone and IL-6 579 

during stress, but did not alter neuronal activation in the threat appraisal regions. These findings 580 

indicate that threat appraisal activation during stress preceded HPA activation and corticosterone 581 

production.   582 

A key finding of this study was that corticosterone depletion prevented the stress-induced 583 

release of bone marrow-derived monocytes into circulation. It is important to note that enhanced 584 

production of monocytes with stress was maintained despite corticosterone depletion. These 585 

findings to indicate that corticosterone depletion increased monocyte retention within the bone 586 

marrow during stress.  In support of this conclusion, we show novel data that stress induced a 587 

profound reduction in CXCL12 mRNA and protein in the bone marrow. CXCL12 is a 588 

chemokine key in the retention of bone marrow cells. Disruption in the CXCL12/CXCR4 589 

pathways caused significant impairments in cell mobilization from the bone marrow (Levesque 590 
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et al. 2003, Greenbaum et al. 2013).  CXCL12 levels in the brain were not determined in the 591 

current study, but we have previously shown that brain CXCL12 levels remain unaltered by 592 

stress (Sawicki et al. 2014). In the current study, adrenalectomy and metyrapone intervention 593 

attenuated the stress-induced reduction of CXCL12 in the bone marrow, and this effect was 594 

associated with reduced monocyte release into circulation.   595 

 Our findings on the role of corticosterone in monocyte mobilization are novel because 596 

existing literature attributes mobilization of bone marrow cells to macrophages or noradrenergic 597 

nerve terminals at the bone marrow (Katayama et al. 2006, Chow et al. 2011). For instance, local 598 

sympathetic activity in the bone marrow was associated with increased production and release of 599 

hematopoietic stem cells and monocytes during steady state and chronic variable stress (Mendez-600 

Ferrer et al. 2010, Heidt et al. 2014). Nonetheless, the mechanisms underlying mobilization of 601 

monocytes during psychological stress are unclear. For instance, acute psychological stress, but 602 

not adrenergic receptor activation, increased progenitor cell release into circulation (Riddell et al. 603 

2015). Moreover, transgenic mice with deficits in hematopoietic stem cell mobilization recover 604 

normal functions when parabiotically paired with wildtype mice (Pierce et al. 2017). These 605 

studies showed that a blood-borne factor, i.e. corticosterone, mobilizes bone marrow stem cells 606 

into circulation (Pierce, 2017). Our findings here show that corticosterone plays an important 607 

role in mobilization of bone marrow monocytes during stress.  608 

Related to the points above, monocyte production during stress has been attributed to 609 

enhanced sympathetic signaling in the bone marrow (Heidt et al. 2014). We have reported that 610 

interrupting the sympathetic pathway prevents production of monocytes and accumulation in 611 

tissues (Wohleb et al. 2011, Powell et al. 2013). In the current study, corticosterone depletion did 612 

not completely ablate monocyte release. Thus, the SNS likely remains at play. We propose that 613 
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corticosterone does not contribute to enhanced monocyte production during stress, but acts 614 

synergistically with the SNS to promote monocyte release into circulation.  615 

 Another noteworthy finding of this study was that corticosterone depletion attenuated 616 

ICAM-1 expression on the neurovascular endothelial cells in response to stress. We and others 617 

have previously reported that stress causes rapid induction of ICAM-1 on the vascular 618 

endothelium (Joachim et al. 2008, Sawicki et al. 2014). Blocking threat appraisal activation 619 

during stress prevented ICAM-1 induction (McKim et al. 2017). Nonetheless, preventing 620 

microglial activation or eliminating microglia did not alter the stress-induced increase in ICAM-621 

1 (McKim et al. 2017). Therefore, we hypothesized that corticosterone, which is produced 622 

rapidly during stress, promotes ICAM-1 induction in the neurovascular endothelium. In support 623 

of this hypothesis, both adrenalectomy and metyrapone intervention prevented the stress-induced 624 

increase in ICAM-1. Corresponding with reduced ICAM-1 expression, the percentage of CD45hi 625 

monocytes in the brain was also reduced with corticosterone depletion. Collectively, 626 

corticosterone depletion during stress prevents monocyte accumulation in the brain by limiting 627 

their release into circulation and by reducing their adherence to ICAM-1 on the brain endothelial 628 

cells.  629 

 It is also relevant to discuss that reduced monocyte accumulation in the brain with 630 

metyrapone was associated with reduced IL-1β mRNA expression. This is consistent with our 631 

previous studies showing that monocytes accumulate in the brain during stress and propagate IL-632 

1 signaling through the endothelial IL1-receptor1 on the brain vasculature (McKim et al. 2017).  633 

In addition, monocyte accumulation and increased IL-1β expression may further augment 634 

microglial activation with stress.  This was apparent in the prelimbic cortex where metyrapone 635 

attenuated monocyte accumulation in the brain and prevented morphological alterations of 636 
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microglia.  In the adrenalectomized mice, microglial activation was not assessed and stress-637 

induced IL-1β mRNA was maintained despite reduction of monocyte accumulation.  This 638 

discrepancy in IL-1 expression between adrenalectomy and metyrapone treatment may be 639 

attributed to broader effects of adrenalectomy (Cruz-Topete et al. 2016). For instance, 640 

adrenalectomized, but not metyrapone-treated, mice had reduced CX3CR1, nr4a1 and P2X7 641 

mRNA expression in the brain at baseline (data not shown). Thus, adrenalectomy may introduce 642 

confounds that influence CNS homeostasis. Nonetheless, our overall results support the 643 

conclusion that corticosterone induction with RSD is critical in the release of pro-inflammatory 644 

and glucocorticoid resistant monocytes that subsequently accumulate in the brain and augment 645 

neuroinflammatory signaling.  646 

 It is also important to note that metyrapone blocks corticosterone production by 647 

preventing the conversion of its precursor, 11β-deoxycorticosterone, levels of which are 648 

increased following metyrapone treatment. Although 11β-deoxycorticosterone may exert 649 

aldosterone-like effects, its potency is low (2% potency as aldosterone) and  is not expected to 650 

cause significant effects (Gomez-Sanchez et al. 2014). Furthermore, 11β-deoxycorticosterone 651 

levels would not be increased with adrenalectomy. Indeed, our findings from the adrenalectomy 652 

and metyrapone experiments are consistent with each other. Thus, the results of this study were 653 

not confounded by increased 11β-deoxycorticosterone levels with metyrapone treatment. 654 

Another important finding here was that corticosterone depletion prevented stress-655 

induced glucocorticoid resistance in the splenocytes. Glucocorticoids suppress inflammatory 656 

signaling by preventing transcription and posttranslational modification of inflammatory genes 657 

and by triggering apoptosis of immune cells. (Smoak et al. 2004). Chronic stress in humans 658 

blunts the ability of glucocorticoids to suppress inflammatory signaling, and increases risk for 659 
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viral infections, cardiovascular and other chronic inflammatory conditions (Cohen et al. 2012, 660 

Fagundes et al. 2013, Heidt et al. 2014, Miller et al. 2014). Glucocorticoid resistance in RSD was 661 

shown in splenocytes that were resistant to the apoptotic effects of corticosterone and produced 662 

exaggerated levels of IL-6 in response to LPS (Stark et al. 2001, Quan et al. 2003). This 663 

glucocorticoid resistance is caused by a failure of the glucocorticoid receptor in myeloid cells to 664 

translocate into the nucleus (Quan et al. 2003). Nonetheless, the role of corticosterone on 665 

glucocorticoid resistance in these myeloid cells was unknown. Here, we provide novel data that 666 

glucocorticoid resistance of myeloid cells was caused by overproduction of corticosterone during 667 

stress. Indeed, stress-induced glucocorticoid resistance of myeloid cells was prevented by 668 

corticosterone depletion with metyrapone. Thus, HPA activation and corticosterone production 669 

during stress induces glucocorticoid resistance in myeloid cells.   670 

 In conclusion, we shed light on the specific role of corticosterone in the 671 

immunomodulatory effects of RSD. We show for the first time that corticosterone production 672 

during stress contributes to monocyte mobilization from the bone marrow by reducing CXCL12. 673 

Furthermore, corticosterone also increases neurovascular ICAM-1 expression during stress that 674 

facilitates monocyte adherence to vasculature. Finally, our findings indicate that corticosterone 675 

production during RSD is the cause of glucocorticoid resistance in myeloid cells. These findings 676 

have implications not only in stress-induced neuropsychiatric conditions, but also in 677 

cardiovascular and inflammatory disorders associated with stress. 678 

  679 
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Figure Legends: 680 

 681 

Figure 1. Stress-induced release of inflammatory monocytes from the bone marrow into 682 

circulation was prevented by adrenalectomy. Male C57BL/6 mice were subjected to sham or 683 

adrenalectomy (ADX) surgery and allowed to recover until exposure to repeated social defeat 684 

(Stress). Plasma for corticosterone was collected immediately after stress, and plasma for IL-6, 685 

bone marrow and blood samples were collected 14 h later.  A) Corticosterone levels (n=9) and 686 

B) IL-6 levels (n=6) in the plasma, and C) spleen weight (n=9) were determined.  D) 687 

Representative bivariate dot plots of monocytes (CD11b+ Ly6Chi) and granulocytes (CD11b+ 688 

Ly6Cint) in the bone marrow are depicted.  Percentage of bone marrow E) monocytes and F) 689 

granulocytes (n=6).  G) Representative bivariate dot plots of CD11b and Ly6C labeling of 690 

monocytes in circulation. H) Percentage of Ly6Chi monocytes in the blood (n=6).  Bars represent 691 

mean ± SEM. Means with different letters (a, b, or c) are significantly different (p < 0.05) from 692 

each other.   693 

 694 

Figure 2. Stress-associated reduction of CXCL12 in the bone marrow was attenuated by 695 

adrenalectomy. Male CXCL12-DsRed mice were exposed to control or repeated social defeat 696 

(Stress).  A) Representative images of RFP expression in the femur immediately after stress 697 

(n=3), scale bar = 125 μm. Next, male C57BL/6 mice were exposed to control or repeated social 698 

defeat (Stress) and B) CXCL12 mRNA expression in the bone marrow was determined (n=3).  In 699 

a separate experiment, male C57BL/6 mice were subjected to sham or adrenalectomy (ADX) 700 

surgery and allowed to recover until exposure to repeated social defeat (Stress) C) CXCL12 701 
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mRNA expression in the bone marrow 14 h later (n=6). Bars represent mean ± SEM. Means with 702 

different letters (a, b, or c) are significantly different (p < 0.05) from each other.  703 

 704 

Figure 3. Stress-induced monocyte accumulation in the brain and the neurovascular 705 

induction of intercellular adhesion molecule-1 (ICAM-1) was prevented by adrenalectomy. 706 

Male C57BL/6 mice were subjected to sham or adrenalectomy (ADX) surgery and allowed to 707 

recover until exposure to repeated social defeat (Stress). Brain samples were collected 14 h later 708 

for flow cytometry and mRNA analyses.  A) Representative bivariate dot plots and B) 709 

percentage of CD45 and CD11b labeling of Percoll-enriched myeloid cells isolated from the 710 

brain are depicted (n=6). mRNA expression of C) TLR4, D) IL-1β and E) ICAM-1 in a coronal 711 

brain section (n=3-6). In a separate experiment, mice were treated as above.  At 14 h after stress, 712 

brains were perfused, fixed and labeled for ICAM-1 expression (n=6). F) Representative images 713 

of ICAM-1 and Ly6C expression on blood vessels counterstained with DAPI in the dentate 714 

gyrus, scale bar = 275 μm. Inset indicates region used for analysis. Percent area of ICAM-1 715 

labeling in the G) dentate gyrus and H) prelimbic cortex (PrL) are depicted. Bars represent mean 716 

± SEM. Means with different letters (a, b, or c) are significantly different (p < 0.05) from each 717 

other.  Inset indicates region from which images were acquired.  718 

 719 

Figure 4. Stress-induced release of inflammatory monocytes from the bone marrow into 720 

circulation was attenuated by metyrapone. Male C57BL/6 mice were injected daily with 721 

either vehicle or metyrapone (100mg/kg) 30 minutes prior to control or repeated social defeat 722 

(Stress). At 14 h after stress, brains were perfused, fixed, and labeled for ΔFosB. A) 723 

Representative images of ΔFosB expression in the prelimic cortex (PrL), scale bar = 125 μm. 724 
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Inset indicates region used for analysis. B) Average number of ΔFosB+ cells in the prelimbic 725 

cortex is shown (n=3). C) Plasma corticosterone (n=6) and D) IL-6 levels (n=3-4) are shown. E) 726 

Spleen weight (n=6) was determined. Percentage of F) CD11b+ Ly6Chi monocytes and G) 727 

CD11b+ Ly6Cint granulocytes in the bone marrow. H) Percentage and I) Representative bivariate 728 

dot plots of CD11b+ and Ly6Chi labeling of monocytes in circulation. J) mRNA expression of 729 

CXCL12 in the bone marrow (n=3-4). Bars represent mean ± SEM. Means with different letters 730 

(a, b, or c) are significantly different (p < 0.05) from each other.    731 

 732 

Figure 5. Metyrapone attenuated stress-induced glucocorticoid resistance of splenocytes. 733 

Male C57BL/6 mice were injected daily with either vehicle or metyrapone (100 mg/kg) 30 734 

minutes prior to control or repeated social defeat (Stress). Splenocytes were collected 14 h later, 735 

and cultured ex vivo in presence of LPS (1μg/mL) and increasing concentrations of 736 

corticosterone (0, 0.05, 0.1, 0.5 & 5 μM).  A) Cell survival was determined 48 h after treatment 737 

and results are expressed as percent baseline of cell survival at 0 μM corticosterone (as indicated 738 

by the horizontal dashed line) (n=6) B) Supernatant samples were collected from a duplicate 739 

preparation 18 hour after the beginning of culture, and IL-6 levels were determined (n=3). Bars 740 

represent mean ± SEM. Means with different letters (a, b, or c) are significantly different (p < 741 

0.05) from each other.   742 

 743 

Figure 6. Metyrapone attenuated monocyte recruitment to the brain and prevented 744 

neuroinflammatory signaling. Male C57BL/6 mice were injected daily with either vehicle or 745 

metyrapone (100 mg/kg) 30 minutes prior to control or repeated social defeat (Stress). At 14 h 746 

after stress, brains were perfused, fixed, and labeled for Iba-1. A) Representative images of Iba-1 747 
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expression in the dentate gyrus (10X), Scale bar = 275 μm. Inset indicates region used for 748 

analysis.  Percent area of Iba-1 labeling in the B) dentate gyrus and C) prelimbic cortex (PrL) 749 

(n=3-4). In a separate experiment, mice were treated as above. D) Representative bivariate dot 750 

plots of CD45 and CD11b labeling of Percoll-enriched myeloid cells isolated from the brain.  E) 751 

The percentage of CD45hi monocytes/macrophages in the enriched CD11b+ from the brain (n=3). 752 

mRNA expression of F) TLR4, G) IL-1β and H) ICAM-1 in a coronal brain section (n=3-6).  753 

Bars represent mean ± SEM. Means with different letters (a, b, or c) are significantly different (p 754 

< 0.05) from each other.   755 

 756 

Figure 7. Metyrapone prevented stress-induced induction of endothelial intercellular cell 757 

adhesion molecule-1 (ICAM-1) in the brain. Male C57BL/6 mice were injected daily with 758 

either vehicle or metyrapone (100 mg/kg) 30 minutes prior to control or repeated social defeat 759 

(Stress). At 14 h after stress, brains were perfused, fixed, and labeled for ICAM-1 expression. A) 760 

Representative images of ICAM-1 and Ly6C expression on blood vessels counterstained with 761 

DAPI in the dentate gyrus, Scale bar = 275 μm. Inset indicates region used for analysis. Percent 762 

area of ICAM-1 labeling in the B) dentate gyrus and C) prelimbic cortex (PrL) (n=3-4). Bars 763 

represent mean ± SEM. Means with different letters (a, b, or c) are significantly different (p < 764 

0.05) from each other.  765 
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