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Corticosterone Production during Repeated Social Defeat
Causes Monocyte Mobilization from the Bone Marrow,
Glucocorticoid Resistance, and Neurovascular Adhesion
Molecule Expression
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Repeated social defeat (RSD) stress promotes the release of bone marrow-derived monocytes into circulation that are recruited to the
brain, where they augment neuroinflammation and cause prolonged anxiety-like behavior. Physiological stress activates the sympathetic
nervous system and hypothalamic-pituitary-adrenal gland (HPA) axis, and both of these systems play a role in the physiological, immu-
nological, and behavioral responses to stress. The purpose of this study was to delineate the role of HPA activation and corticosterone
production in the immunological responses to stress in male C57BL/6 mice. Here, surgical (adrenalectomy) and pharmacological (me-
tyrapone) interventions were used to abrogate corticosterone signaling during stress. We report that both adrenalectomy and metyrap-
oneattenuated the stress-induced release of monocytes into circulation. Neither intervention altered the production of monocytes during
stress, but both interventions enhanced retention of these cells in the bone marrow. Consistent with this observation, adrenalectomy and
metyrapone also prevented the stress-induced reduction of a key retention factor, CXCL12, in the bone marrow. Corticosterone depletion
with metyrapone also abrogated the stress-induced glucocorticoid resistance of myeloid cells. In the brain, these corticosterone-
associated interventions attenuated stress-induced microglial remodeling, neurovascular expression of the adhesion molecule intercel-
lular cell adhesion molecule-1, prevented monocyte accumulation and neuroinflammatory signaling. Overall, these results indicate that
HPA activation and corticosterone production during repeated social defeat stress are critical for monocyte release into circulation,
glucocorticoid resistance of myeloid cells, and enhanced neurovascular cell adhesion molecule expression.
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Recent studies of stress have identified the presence of monocytes that show an exaggerated inflammatory response toimmune challenge
and are resistant to the suppressive effects of glucocorticoids. Increased presence of these proinflammatory monocytes has been impli-
cated in neuropsychiatric symptoms and the development of chronic cardiovascular, autoimmune, and metabolic disorders. In the
current study, we show novel evidence that corticosterone produced during stress enhances the release of proinflammatory monocytes
from the bone marrow into circulation, augments their recruitment to the brain and the induction of a neuroinflammatory profile.
Overproduction of corticosterone during stress is also the direct cause of glucocorticoid resistance, a key phenotype in individuals
exposed to chronic stress. Inhibiting excess corticosterone production attenuates these inflammatory responses to stress. /
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2012). Activation of the sympathetic nervous system (SNS) and
the hypothalamic-pituitary-adrenal (HPA) axis regulates the im-

Introduction
Psychological stress contributes to the development and exacer-

bation of anxiety-like disorders (Kendler et al., 1999; Pasquali

Received Sept. 7, 2017; revised Jan. 9, 2018; accepted Jan. 17, 2018.

Author contributions: A.N., J.P.G., and J.F.S. designed research; A.N. and Y.W. performed research; J.P.G. and
J.E.S. contributed unpublished reagents/analytic tools; A.N. analyzed data; A.N. and J.P.G. wrote the paper.

This work was supported by National Institute of Health Grants R01-MH-093473 and R01-MH097243 to J.F.S.and
National Institute of Aging Grant R01-AG033028 to J.P.G. We thank Rahul Gupta for his technical assistance.

munological and behavioral responses to stress. For instance,

The authors declare no competing financial interests.
Correspondence should be addressed to Dr. John F. Sheridan, Division of Biosciences, Ohio State University, 460
Medical Center Drive, 231IBMR, Columbus, OH 43210. E-mail: Sheridan.1@osu.edu.
DOI:10.1523/JNEUR0SCI.2568-17.2018
Copyright © 2018 the authors  0270-6474/18/382328-13$15.00/0



Niraula et al. @ Corticosterone Induced Monocyte Release with RSD

HPA activation during stress corresponds with the release of glu-
cocorticoids from the adrenal cortex. Glucocorticoids regulate
glucose and energy mobilization, and immune functions in re-
sponse to stress (Sapolsky et al., 2000). Chronic stress, however,
leads to glucocorticoid resistance and enhanced inflammatory
signaling in humans and rodents (Pace et al., 2006; Cohen et al.,
2012). For instance, low socioeconomic status and prolonged
caregiving stress in humans are associated with a “transcriptional
fingerprint,” characterized by enhanced expression of proinflam-
matory signals in peripheral monocytes and resistance to the sup-
pressive effects of glucocorticoids (Miller et al., 2008, 2014).
Individuals exposed to chronic stress show high levels of circulat-
ing IL-6, which is a strong indicator of stress-induced psychiatric
and cardiovascular disorders (Maes et al., 1999, 2012). Impor-
tantly, IL-6 is an acute phase protein regulated by the HPA axis
(Zhou et al., 1993). Thus, overactivation of the HPA axis, along
with a blunted response to corticosterone, may lead to un-
checked inflammatory responses that are associated with
stress-induced neuropsychiatric, metabolic, and cardiovascu-
lar diseases (Walker 2007; Sorrells et al., 2009; Marin et al.,
2011).

The clinical features of chronic stress (e.g., glucocorticoid re-
sistance, enhanced proinflammatory profile, and elevated plasma
IL-6) are recapitulated in the repeated social defeat (RSD) model
of stress in mice (Wohleb et al., 2014a; Reader et al., 2015). RSD
increases neuronal and microglial activation, endothelial cell ad-
hesion molecule expression, production and release of mono-
cytes into circulation, and recruitment to tissues, including the
brain (McKim et al., 2017). Increased presence of circulating
monocytes has been reported in stressed individuals, and mono-
cyte accumulation in the brain vasculature was reported in de-
pressed suicide victims (Heidt et al., 2014; Torres-Platas et al.,
2014). We have identified monocytes in the RSD brain as the
pro-inflammatory (CCR2 *Ly6C™) type that propagates IL-1-
receptor signaling at the brain vascular endothelium, causing
prolonged anxiety-like behavior (McKim et al., 2017) and long-
lasting “stress sensitization” to subsequent stressors (Wohleb et
al., 2014b; McKim et al., 2016b). Other recent studies with social
defeat in mice show that accumulation of pro-inflammatory
monocytes in the neurovasculature triggers neuropsychiatric
complications (Menard et al., 2017). Therefore, mobilization of
inflammatory monocytes from the bone marrow represents an
important mechanism for CNS signaling to the immune system
during stress (Weber et al., 2017).

Exposure to RSD also promotes the induction of glucocorti-
coid resistance in myeloid cells. For instance, myeloid cells from
the spleen of mice exposed to RSD are resistant to the anti-
inflammatory effects of glucocorticoids (e.g., enhanced IL-6 pro-
duction following LPS and sustained viability despite high
corticosterone exposure) (Avitsur et al., 2001; Stark et al., 2001).
This glucocorticoid-insensitive phenotype of splenocytes follow-
ing RSD is significant because it is also present in peripheral
monocytes from individuals suffering from chronic stress (Miller
etal., 2002, 2008). Furthermore, monocytes that accumulated in
the brain during RSD displayed an mRNA profile consistent with
glucocorticoid resistance (i.e., reduced glucocorticoid receptor
and increased IL-18 expression) (McKim et al., 2017). In addi-
tion, stress-induced glucocorticoid resistance was associated with
elevated inflammatory response to subsequent innate immune
challenge (Quan et al., 2001; Wohleb et al., 2012). Glucocorticoid
resistance with RSD was associated with a failure of the glucocor-
ticoid receptor in myeloid cells to translocate into the nucleus
(Quan et al., 2003).
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Both HPA and SNS pathways communicate with the immune
system in response to stress. For instance, 3-adrenergic interven-
tion and benzodiazepines prevented the RSD-induced activation
of threat appraisal and all downstream changes in the brain and
the periphery (Wohleb et al., 2011; Hanke et al., 2012; Ramirez et
al., 2016). Notably, inhibition of threat appraisal during RSD
prevented both HPA and SNS activation. Therefore, the purpose
of this study was to delineate the role of corticosterone in the
peripheral immune response to stress. This is important because
corticosterone generally suppresses inflammatory signaling but
also has pleiotropic effects (Sorrells et al., 2009). Furthermore,
the role of corticosterone on monocyte production, release, and
tissue recruitment during stress is unknown. In the current study,
we show, for the first time, that corticosterone production during
RSD promoted mobilization of monocytes from the bone mar-
row into circulation. Moreover, we provide novel evidence that
corticosterone caused glucocorticoid resistance in myeloid cells
and enhanced cell adhesion molecule expression and inflamma-
tory mediators in the brain during RSD.

Materials and Methods

Mice. Male C57BL/6 mice (6- to 8-week-old) and CD-1 mice (12-month-
old, retired breeders) were purchased from Charles River Breeding Lab-
oratories. Adrenalectomized and sham C57BL/6 mice (6- to 8-week-old)
were purchased from The Jackson Laboratory. All adrenalectomized
mice were provided with supplemental corticosterone (25 ug/ml) in
drinking water until death (Lehmann et al., 2013). Next, CXCL12-DsRed
mice were generously provided by Sean J. Morrison (University of Texas
Southwestern Medical Center). All experimental mice were housed in
cohorts of three, whereas CD-1 mice were individually housed. Mice
were kept in 11.5 X 7.5 X 6 inch polypropylene cages and were main-
tained at 21°C under a 12 h light/dark cycle with access to food and water
ad libitum at the animal housing facility at Ohio State University. All mice
were allowed to acclimate for 7-10 d before initiation of any experimen-
tal procedure. All procedures were in accordance with the National In-
stitutes of Health Guide for the care and use of laboratory animals, and
performed with approval from the Ohio State University Institutional
Animal Care and Use Committee.

RSD. The RSD model of stress involves eliciting a flight or fight in
resident mice in response to an aggressive intruder. In contrast to pair
fighting paradigms of stress, RSD adds a key social component that in-
cludes psychological stress caused due to disruption of the social hierar-
chy within an established cohort of resident mice. In the current study,
we performed RSD as previously reported (Avitsur etal., 2001; Wohleb et
al., 2013). In brief, a CD-1 aggressor was introduced into the cage of an
established cohort (3 mice) of C57BL/6 mice for 2 h (17:00 to 19:00 h)
daily for 6 consecutive nights. If the intruder mouse did not attack in the
first 5 min, it was replaced by a new intruder. Different intruder mice
were used on consecutive days. During each episode of stress, resident
mice were monitored for submissive behaviors, including crouching,
fleeing, and upright posture. At the end of the 2 h period, the intruder
mice were returned to their original cages, and the resident mice were left
undisturbed until the next episode of stress the following day. The health
status of the mice was carefully examined throughout the experiment. In
the event of an injury, mice were removed from the experiment. Consis-
tent with our previous studies, <<5% of the mice met early removal cri-
teria. The control mice were left undisturbed in their home cages during
the study.

Experimental protocols

ADX intervention and stress. Male C57BL/6 mice were subjected to sham
or adrenalectomy (ADX) surgery at The Jackson Laboratory. Mice were
shipped to Ohio State University and allowed 7 d to recover. All adrena-
lectomized mice were provided with supplemental corticosterone (25
png/ml) in drinking water until death (Lehmann et al., 2013). Under
homeostatic conditions, corticosterone production follows a circadian
oscillatory pattern (i.e., sustained increases during active phase and re-
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duction during passive phase). This oscillatory production of corticoste-
rone is necessary in maintaining the physiological functions (e.g.,
homeostatic ACTH levels) but not enough to elicit a stress response
(Jacobson et al., 1988; Dhabhar et al., 2012). Because adrenalectomized
mice are unable to produce corticosterone, the supplemental corticoste-
rone in drinking water is necessary to maintain the circadian rhythmicity
of corticosterone in these mice.

Next, mice were exposed to 6 cycles of RSD (Stress). Plasma for corti-
costerone was collected via submandibular bleeds immediately after
stress (3 experiments, n = 3 or 4 per experiment). In addition, bone
marrow, blood, spleen, and brain (2 experiments, # = 3 or 4 per exper-
iment) were collected 14 h after the last cycle of stress. IL-6 protein levels
were determined in plasma (2 experiments, n = 3 or 4 per experiment).
Percentages of monocytes and granulocytes (2 experiments, n = 3 or 4
per experiment) were determined in the blood and bone marrow, and
CXCL12 mRNA levels (2 experiments, n = 3 or 4 per experiment) were
also determined in the bone marrow. For brain mRNA levels, a 1 mm
coronal section from the brain (~—0.34 mm to —1.34 mm bregma) was
collected (2 experiments, n = 3 or 4 per experiment), and the rest of the
brain was used to collect CD11b ™ cells for flow cytometry (2 experi-
ments, n = 3 or 4 per experiment). In a separate study, mice were treated
as above and were perfused and PFA-fixed. Intercellular cell adhesion
molecule-1 (ICAM-1) expression was determined by immunohisto-
chemistry (1 experiment, n = 3 or 4).

CXCLI12 reporter and stress. Male CXCL12-DsRed mice were exposed
to control or RSD (Stress). Mice were perfused, PFA-fixed, and bone
marrow was collected to evaluate REP expression (1 experiment, n = 3).

Metyrapone (MTP) intervention and stress. Male C57BL/6 mice were
injected intraperitoneally daily with either vehicle (water) or 100 mg/kg
MTP (Enzo Life Sciences; catalog #BML-EI256) 30 min before control or
RSD (Stress). Plasma for corticosterone was collected via submandibular
bleed immediately after stress (2 experiments, # = 3 or 4 per experi-
ment). In addition, bone marrow, blood, spleen, and brain (2 experi-
ments, n = 3 or 4 per experiment) were collected 14 h after the last cycle
of stress. IL-6 protein levels were determined in plasma (1 experiment,
n =3 or4). Percentages of monocytes and granulocytes were determined
in the bone marrow and blood (2 experiments, n = 3 or 4 per experi-
ment). CXCL12 mRNA levels were determined in the bone marrow (1
experiment, # = 3 or 4). For mRNA analysis in the brain, a 1 mm coronal
section from the brain (~—0.34 mm to —1.34 mm bregma) was col-
lected (2 experiments, n = 3 or 4 per experiment), and the rest of the
brain was used to collect CD11b™ cells for flow cytometry. In a separate
study, mice were treated as above and mice were perfused and PFA-fixed.
AFosB, Iba-1, and ICAM-1 expression was determined by immunobhis-
tochemistry (1 experiment, # = 3 or 4). In a final study, mice were treated
as above with MTP and exposed to stress. The spleen was collected 14 h
after the last cycle of stress. Splenocytes were cultured ex vivo with LPS
and treated with increasing doses of corticosterone. Cell survival and
supernatant IL-6 levels were determined (2 experiments, # = 3 or 4 per
experiment).

Isolation of CD11b™ cells from the brain. CD11b ™" cells were enriched
by Percoll isolation as described previously (Wohleb etal., 2013). At 14 h
after the last cycle of stress, mice were asphyxiated, perfused with ice-cold
PBS, and brains were collected. Brain samples were homogenized using
Glass Potter Elvehjem Tissue Grinder (OMNI International) and centri-
fuged at 900 X g for 6 min. Then, cells were pelleted and suspended in
70% isotonic Percoll (GE Healthcare). This suspension was layered with
50%, 35%, and 0% isotonic Percoll to create a discontinuous Percoll
gradient. This gradient was centrifuged at 2070 X g for 20 min, and cells
were collected from the 70%-50% Percoll interface. This interface is
enriched with >90% CD11b* cells (Wohleb et al., 2013).

Isolation of bone marrow and blood cells. Fourteen hours after the last
cycle of stress, mice were asphyxiated, and blood and bone marrow sam-
ples were collected. Bone marrow was collected from the femur and
flushed out with ice-cold PBS. Samples were homogenized using a sy-
ringe plunger and filtered through a 70 um nylon strainer. Blood samples
were collected by cardiac puncture into EDTA-lined syringes, and red
blood cells were lysed using lysis buffer (0.16 M NH,Cl, 10 mm KHCO;,
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0.13 mm EDTA). Samples were washed and cells were counted using a
Particle Count and Size Analyzer (Beckman Coulter).

Flow cytometry. Cell surface antigens on bone marrow, blood, and
Percoll-enriched brain cells were labeled as previously described (McKim
etal., 2017). In brief, Fc receptors were blocked using anti-CD16/CD32
antibody (ThermoFisher Scientific, catalog #14-0161-82, RRID:
AB_467133). Next, cells were incubated with fluorophore-conjugated
antibodies (Ly6C, BD Biosciences, catalog #553104, RRID:AB_394628;
Ly6G, BD Biosciences, catalog #551461, RRID:AB_394208; CD45, BD
Biosciences, catalog #550994, RRID:AB_394003; CD11b, ThermoFisher
Scientific, catalog #17—0112-83, RRID:AB_469344) for 1 h at 4°C, fol-
lowed by a wash and resuspension in FACS buffer. Isotype-matched
antibodies were used to determine non-specific binding. Antibody label-
ing was determined using FACS Calibur cytometer (BD Biosciences).
Data were analyzed using FlowJo (TreeStar).

Corticosterone ELISA. Blood samples were collected by submandibular
bleeding immediately after the last cycle of stress (~7:00 P.M.). Plasma
was extracted and stored at —80°C. Corticosterone concentrations were
evaluated using the Corticosterone EIA kit (Enzo; catalog #ADI-900-
097) following the manufacturer’s instructions.

Real-time qPCR from brain and bone marrow samples. Fourteen hours
after the last cycle of stress, mice were asphyxiated, and brain and bone
marrow samples were collected. For brain mRNA analysis, a 1 mm cor-
onal section of the brain (~—0.34 mm to —1.34 mm bregma) was col-
lected and flash frozen in liquid nitrogen. This brain section, collected
using a mouse brain matrix (Kent Scientific, catalog #RBMS-200C), was
used to evaluate the general inflammatory profile of the brain following
stress and interventions. The rest of the brain was used for isolation of
CD11b* cells for cell flow cytometric analyses. RNA was extracted using
a tri-reagent/Isopropranolol precipitation protocol (McKim et al.,
2016a). RNA concentration and quality were determined using the
NanoPhotometer (Implen). RNA was reverse-transcribed into cDNA
using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems). Real-time qPCR was performed using the TagMan Gene Expres-
sion Assay-on-Demand Gene Expression protocol (Applied Biosystems).
Target cDNA and reference cONA GAPDH were amplified simultane-
ously using a primer/probe set consisting of an oligonucleotide probe
with a 5 fluorescent reporter dye (FAM) and a 3’ quencher dye (non-
fluorescent) for each gene of interest (Invitrogen). Fluorescence was de-
termined on an ABI PRISM 7300-sequence detection system (Applied
Biosystems). Data were analyzed using the comparative threshold cycle
method, and results were expressed as fold change compared with the
reference gene, GAPDH.

For bone marrow mRNA analysis, femurs were flushed with ice-cold
PBS and homogenized using a syringe plunger and filtered through a 70
um strainer. Cells were centrifuged and pelleted into RNA lysis buffer
(PrepEase Kit, USB), and RNA isolation was performed according to the
manufacturer’s instructions. RNA concentration and quality were deter-
mined using the NanoPhotometry (Implen). Reverse transcription and
subsequent real-time qPCR were performed via the same procedure as
for the brain (described above). Because the commonly used housekeep-
ing gene GAPDH was altered in the bone marrow by RSD stress, Eef2
(Eukaryotic translation elongation factor 2) expression was validated and
used as reference cDNA for real-time qPCR of bone marrow samples.
Data were analyzed using the comparative threshold cycle method, and
results were expressed as fold change compared with the reference gene,
Eef2.

Immunohistochemistry and digital image analysis of ICAM-1 and
AFosB. Fourteen hours after the last cycle of stress, mice were asphyxi-
ated, transcardially perfused with ice-cold PBS followed by 4% PFA.
Brain samples were postfixed in formaldehyde for 24 h, followed by an
additional 48 h incubation in 30% sucrose at 4°C. Fixed brain samples
were frozen with isopentane (—78°C) and dry ice, and stored at —80°C
until sectioning. Frozen brain samples were sectioned at 25 um using a
Microm HM550 cryostat (ThermoFisher Scientific) and free-floating
sections were preserved in cryoprotectant at —20°C until labeling. Sec-
tions were washed in 1 X PBS and blocked with 5% normal donkey serum
(1% BSA and 0.1% Triton-X in PBS) for an hour at room tempera-
ture, followed by an overnight 4°C incubation with primary antibod-
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ies: goat anti-ICAM-1 (1:500; R&D Systems, catalog #AF796, RRID:
AB_2248703), rabbit anti-AFosB (1:2000; Abcam, catalog #ab184938,
RRID:AB_2721123), or rabbit anti-Ibal (1:1000; Wako, catalog #019-
19741, RRID:AB_839504) or rat anti-Ly6C (1:500; Abcam, catalog
#ab15627, RRID:AB_302004). Sections were washed in 1X PBS and in-
cubated with the corresponding secondary antibodies conjugated with
fluorochromes (AlexaFluor-488 or AlexaFluor-594). Following 2 h of
incubation at room temperature, sections were washed in DAPI (1:100),
then mounted and coverslipped with Fluoromount G (Beckman
Coulter), and stored at —20°C. Images were taken on a Zeiss 510 Meta
confocal microscope and analyzed using Image]J software. For the digital
imaging analysis of ICAM-1 and Ibal images, a threshold for positive
labeling (full view of the labeled blood vessel, or a full view of labeled
microglia with background excluded) was determined for each image.
Data were processed by ImageJ using the densitometric scanning of the
threshold targets, and results expressed as the average percentage area
with positive labeling. For AFosB analysis, the number of cells positive
for AFosB labeling was counted for each image.

Bone marrow processing and immunofluorescent labeling. Immediately
after the last cycle of stress, CXCL12-DsRed mice were asphyxiated, tran-
scardially perfused with ice-cold PBS followed by 4% formaldehyde. Fe-
murs were isolated and postfixed in 4% formaldehyde for 48 h at 4°C.
Samples were then transferred into decalcification buffer (0.5 M EDTA in
PBS) and incubated at 4°C for 48 h. Samples were then frozen with
isopentane (—78°C) and dry ice and stored at —80°C until sectioning.
Next, frozen bone marrow samples were sectioned at 14 um, collected on
Superfrost Plus slides (Fisher Scientific), and stored at —20°C. Slides
were washed with 1X PBS, incubated with 5% normal donkey serum
(1% BSA and 0.1% Triton-X in PBS) for an hour at room temperature,
followed by primary antibody rabbit anti-RFP (1:500; Abcam, catalog
#ab124754, RRID:AB_10971665) incubation overnight at 4°C. Slides
were washed in 1 X PBS and incubated with an Alexa-594 fluorochrome-
conjugated antibody for 2 h at room temperature. Slides were washed,
allowed to dry, and coverslipped with Fluoromount G (Beckman
Coulter), and stored at —20°C. Images were taken using a Zeiss 510 Meta
confocal microscope and analyzed using Image]J software, as described
above.

Glucocorticoid resistance assay. Fourteen hours after the last cycle of
stress, spleens were collected in ice-cold PBS. Spleen samples were ho-
mogenized using a syringe plunger and filtered through a 70 wm strainer.
Cells were centrifuged and pelleted into ice-cold HBSS to obtain single-
cell suspensions. Red blood cells were lysed using the lysis buffer (0.16 m
NH,CI, 10 mm KHCO,, 0.13 mm EDTA), and samples were washed in
10% FBS/HBSS. Samples were resuspended in media RPMI 1640 me-
dium, GlutaMAX (ThermoFisher Scientific, catalog #61870-036) sup-
plemented with 10% FBS, 100 U/ml penicillin, and 100 pg/ml
streptomycin sulfate. Cells (2 X 10° per well) were plated in triplicates on
a 96-well plate (Corning, catalog #3596). LPS (Sigma-Aldrich, L-2630)
was added at 1 ug/ml per well. Corticosterone (Sigma-Aldrich, catalog
#27840) solutions with 0.2% ethanol were prepared in media and added
to the wells at varying concentrations (0, 0.05, 0.1, 0.5, and 5 uMm). Cells
were cultured with LPS and corticosterone at 37°C in 5% CO, for 18 h for
IL-6 ELISA and for 48 h for cell viability analysis.

IL-6 ELISA. To determine IL-6 production from splenocytes, super-
natant samples were collected 18 h after culture and incubation (as de-
scribed above) and stored at —80°C. IL-6 levels were determined using
the BD OptEIA Mouse IL-6 ELISA (BD Biosciences) as previously de-
scribed (Stark et al., 2001). In brief, a 96-well plate was coated with
anti-mouse IL-6 capture antibodies and allowed to incubate overnight at
4°C. Standards (0—1000 pg/ml) and samples were added and incubated
for 2 h at room temperature. Plates were washed and incubated with
biotinylated anti-mouse IL-6 antibody. Plates were then incubated with
streptavidin-HRP conjugate for 1 h. Tetramethylbenzidine substrate was
added next, and reaction was stopped after a 15 min incubation. Plates
were read at 450 nm using a Spectramax plate reader (Molecular De-
vices). For plasma IL-6 ELISA, blood samples were collected via cardiac
puncture 14 h after the last cycle of stress, and plasma was stored at
—80°C. IL-6 levels were determined as described above.
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Cell viability assay. Cell viability was assessed as previously described
(Hanke et al., 2012). In brief, the Cell Titer 96 aqueous nonradioactive
proliferation assay (Promega) was used to determine cell viability of
LPS-activated splenocytes cultured ex vivo with corticosterone. At 45 h
following treatment with corticosterone, tetrazolium substrate solution
(20 ul) was added to each well. Samples were incubated at 37°C in 5%
CO, for 3 h, and color changes were quantified by obtaining optical
density readings at 450 nm on the Spectramax plate reader (Molecular
Devices). To account for differences in background activity of cells, the
mean optical density of three control wells was subtracted for a given
treatment from each of the corresponding LPS-stimulated values.
Control wells contained untreated cells. Results were shown as the
percentage of proliferation at baseline (LPS stimulation, no cortico-
sterone treatment).

Statistical analyses. To test for normal distribution, data were subjected
to the Shapiro—Wilk test using Statistical Analysis Systems (SAS) statis-
tical software. Observations 2 SDs above and below the mean were con-
sidered outliers and excluded from subsequent analysis. In total, 22 of
749 observations were excluded after outlier analysis. To determine sig-
nificant main effects and interactions between main factors, data were
analyzed using two-way (stress X intervention) ANOVA using the GLM
procedures of SAS. When there was a main effect of experimental treat-
ment or a treatment interaction effect, differences between group means
were evaluated by an F-protected ¢ test using the Least-Significant Dif-
ference procedure of SAS. Post hoc analysis results are depicted graphi-
cally in figures. All data are expressed as mean = SEM.

Results

Stress-induced release of inflammatory monocytes from the
bone marrow into circulation was prevented by ADX

RSD promotes the release of bone marrow-derived monocytes
into circulation that traffic to the brain, augment neuroinflam-
mation, and cause prolonged anxiety-like behavior (Wohleb et
al., 2013; McKim et al., 2017). Physiological stress activates the
SNS and the HPA axis, both of which play a role in the physio-
logical, immunological, and behavioral responses to stress (Woh-
leb et al., 2011; Ramirez et al., 2016). Therefore, the aim of this
study was to delineate the role of HPA activation and corticoste-
rone production in the physiological and immunological re-
sponses to RSD.

In the first set of experiments, adrenalectomized (ADX) mice
were exposed to stress (six cycles of RSD), and several physiolog-
ical and immunological parameters were determined 14 h later.
Stress increased plasma corticosterone levels in the sham mice
(Fig. 1A; F(; 50y = 17.39; p < 0.0003). As expected, removal of the
adrenal glands (ADX) ablated this increase (Fig. 1A; stress X
intervention interaction, F, 55, = 11.91; p < 0.003). In addition,
stress increased plasma IL-6 levels (Fig. 1B; F(, ,;, = 8.07; p <
0.02) that were prevented in ADX-stress mice compared with
sham-stress mice (p < 0.05). Stress also increased spleen weight
(Fig. 1G; F(, 57) = 25.29; p < 0.0001), but this increase was inde-
pendent of ADX.

Stress promotes a profound increase in monocyte and granu-
locyte production within the bone marrow (Ramirez et al., 2016;
McKim et al.,, 2017). Here, we examined the production of
monocytes and granulocytes in adrenalectomized mice after
stress exposure. Consistent with previous work (Wohleb et al.,
2013), stress increased the percentage of monocytes (CD11b "/
Ly6C") and granulocytes (CD11b */Ly6C™) in the bone mar-
row (Fig. 1D-F; p < 0.001, for each). These increases were
unaffected by ADX (Fig. 1 E, F). Stress also increased the percent-
age of circulating Ly6C" monocytes (Fig. 1G,H; F(; 5, = 16.99;
p < 0.006). Post hoc analysis revealed that ADX-stress mice had
significantly fewer circulating monocytes than sham-stress mice
(p < 0.005). Overall, ADX attenuated corticosterone production
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Figure 1.

Stress-induced release of inflammatory monocytes from the bone marrow into circulation was prevented by ADX. Male (57BL/6 mice were subjected to sham or ADX surgery and

allowed to recover until exposure to RSD (Stress). Plasma for corticosterone was collected immediately after stress, and plasma for IL-6, bone marrow, and blood samples was collected 14 h later.
A, Corticosterone levels (n = 9) and (B) IL-6 levels (n = 6) in the plasma, and (C) spleen weight (n = 9) were determined. D, Representative bivariate dot plots of monocytes ((D11b * Ly6C ") and
granulocytes ((D11b * Ly6Ci”‘) in the bone marrow. Percentage of bone marrow (E) monocytes and (F) granulocytes (n = 6). G, Representative bivariate dot plots of (D11b and Ly6C labeling of
monocytesin circulation. H, Percentage of Ly6C ™ monocytes in the blood (n = 6). Error bars indicate mean = SEM. Means with different letters (a, b, or ) are significantly different (p < 0.05) from

each other.

during stress and reduced the release of inflammatory monocytes
into circulation without altering their production in the bone
marrow.

Stress-associated reduction of CXCLI12 in the bone marrow
was attenuated by ADX

We show that ADX prevented the release of monocytes into cir-
culation but did not alter their production in the bone marrow
(Fig. 1). Therefore, we sought to determine whether the reduced
release of monocytes in ADX mice was associated with altered
CXCL12 expression, a key chemokine important for the reten-
tion of hematopoietic stem cells and monocytes in the bone mar-
row (Heidt etal., 2014). First, CXCL12-DsRed mice were exposed
to stress, and CXCL12 protein levels were determined in the bone
marrow. Fig. 2A shows that stress caused a marked reduction in
CXCL12 protein expression in the bone marrow. This effect was
paralleled in wild-type mice that had a significant reduction in
CXCL12 mRNA in the bone marrow after RSD (Fig. 2B; p <
0.005). In a separate experiment, mice were adrenalectomized
(ADX) before exposure to stress and CXCL12 mRNA expression
was determined in the bone marrow. Again, stress reduced
CXCL12 mRNA expression in the bone marrow (Fig. 2G; F; ) = 5.36,

p < 0.05). In addition, ADX increased bone marrow CXCL12 mRNA
(Fig. 2G; F(y 16 = 10.70; p < 0.01). Post hoc analysis confirmed that
sham-stress mice had lower CXCL12 mRNA expression compared with
sham-control mice (p < 0.05), and this reduction was not evident in
ADX-stress mice compared with ADX-control. Together, stress re-
duced CXCL12 expression in the bone marrow, and this reduction was
prevented by ADX.

Stress-induced monocyte accumulation in the brain and the
neurovascular induction of ICAM-1 was prevented by ADX
Next, we assessed the effects of ADX and stress on monocyte
accumulation in the brain and endothelial ICAM-1 induction.
Corresponding with our previous reports (McKim et al., 2016a,
2017), stress increased the presence of monocytes (CD11b ™"/
CD45") in the brain (Fig. 3A, B; F1 23y = 34.28,p < 0.0002). This
monocyte accumulation in the brain with stress tended to be
attenuated by ADX (Fig. 3A,B; stress X intervention, F, 3y =
4.07; p = 0.06). Post hoc analysis confirmed that ADX-stress mice
had significantly fewer monocytes in the brain compared with
sham-stress mice (p < 0.02).

We next determined mRNA expression of several key inflam-
matory mediators, IL-13, TLR4, and ICAM-1, in a coronal brain
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Figure 2.

section collected from the same mice used in the flow cytometric
analysis above. The coronal section was used to evaluate the gen-
eral inflammatory profile of the brain following stress and inter-
ventions. While ADX reduced TLR4 mRNA levels in the brain
(Fig. 3G; F( 1) = 74.89; p < 0.0001), there was no main effect of
stress on TLR4 mRNA expression. Stress also increased IL-183
mRNA expression in the brain (Fig. 3D; F(, 55, = 20.47; p <
0.0001), but this increase was independent of ADX (Fig. 3D).
Stress increased ICAM-1 levels in the brain (Fig. 3E; F, 1,y = 10.51;
p < 0.01), and this induction was attenuated by ADX. Post hoc
analysis revealed that ADX-stress mice tended to have lower
mRNA expression of ICAM-1 compared with sham-stress mice
(p = 0.06).

Last, ICAM-1 protein expression was determined with ADX
and stress. The recruitment/accumulation of monocytes was as-
sociated with increased ICAM-1 expression in the brain endothe-
lial cells. The selective expression of ICAM-1 labeling on
endothelial cells was confirmed by colabeling with Ly6C. Ly6C is
strongly expressed on endothelial cells and remains unaltered
during inflammatory events (Jutila et al., 1988; Wohleb et al.,
2013; Zhang et al., 2014; Liu et al., 2015). In the current study,
Ly6C expression on the brain endothelial cells was unaffected by
stress or ADX (data not shown). Here, ICAM-1 expression was
increased with stress in the dentate gyrus (Fig. 3F,G; F(; 1,y =
7.29; p <0.05) and prelimbic cortex (PrL) (Fig. 3H; F(, 5, = 8.26;
p < 0.05). Post hoc analysis confirmed that ICAM-1 expression
was significantly higher in the sham-stress mice compared with
ADX-stress in the dentate gyrus (p < 0.02) and tended to be
higher in the PrL (p = 0.06). Collectively, increased monocyte
recruitment/accumulation and ICAM-1 induction in the brain
endothelial cells during stress were attenuated by ADX.

Stress

Stress-associated reduction of CXCL12 in the bone marrow was attenuated by ADX. Male (X(L12-DsRed mice were
exposed to control or RSD (Stress). A, Representative images of RFP expression in the femur immediately after stress (n = 3). Scale
bar, 125 wm. Next, male C57BL/6 mice were exposed to control or RSD (Stress). B, CXCL72 mRNA expression in the bone marrow
was determined (n = 3). In a separate experiment, male (57BL/6 mice were subjected to sham or ADX surgery and allowed to
recover until exposure to RSD (Stress). €, (XCLT2 mRNA expression in the bone marrow 14 h later (n = 6). Error bars indicate
mean == SEM. Means with different letters (a, b, or ¢) are significantly different (p << 0.05) from each other.
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Stress-induced release of inflammatory
monocytes from the bone marrow into
circulation was attenuated by MTP

We show that ADX prevented the stress-
induced release of inflammatory mono-
cytes into circulation. ADX, however, may
exert broad effects on homeostatic endo-
crine functioning (Cruz-Topete et al.,
2016). Therefore, metyrapone (MTP) in-
tervention was used during stress to ablate
corticosterone production. MTP prevents
corticosterone synthesis by inhibiting
11B-hydroxylase, the enzyme that con-
verts inert corticosterone into active cor-
ticosterone (Garcia-Garcia et al., 2017).
Here, mice were treated with vehicle or
MTP 30 min before each cycle of social
defeat, and several physiological and im-
mune parameters were determined 14 h

a after stress. First, stress-induced neuronal

- activation (i.e., AFosB expression) within
threat appraisal centers was determined

Stress with or without MTP intervention. Nota-

bly, AFosB (an isoform of FosB) is an im-
mediate early gene detected in neurons
(Perrotti et al.,, 2004) and has a longer
half-life compared with other immediate
early genes (e.g., c-Fos) (McClung et al.,
2004). Therefore, it serves as a marker of
cumulative neuronal activation over the
6 d of RSD stress (McKim et al., 2017).
Here, we show that stress increased neu-
ronal activation (i.e., AFosB expression) in the PrL (Fig. 4A,B;
F 11y =17.69, p <0.01), and this increase was maintained inde-
pendent of MTP intervention.

Next, plasma corticosterone and spleen weight were assessed
after stress and MTP intervention. Similar to the ADX experi-
ment, stress increased plasma corticosterone levels (Fig. 4C;
F(1.22) = 22.21; p < 0.0002), and this increase was attenuated by
MTP (Fig. 4C; stress X intervention, F, 5,y = 13.31, p < 0.002).
Parallel to this, stress increased plasma IL-6 (Fig. 4D; F(, 1,y =
7.38; p < 0.05), which was also attenuated by MTP. For example,
post hoc analysis revealed that MTP-stress mice had significantly
lower IL-6 levels in the plasma compared with vehicle-stress mice
(p < 0.05). Stress also increased spleen weight (Fig. 4E; F(; 55, =
48.31; p < 0.0001), but this increase was independent of MTP.
Together, MTP attenuated activation of the HPA axis during
stress without affecting threat appraisal (neuronal activation) of
the stressor.

Next, we assessed the effects of MTP intervention on mono-
cyte production and release in response to stress. Consistent with
the ADX results, stress increased the production of monocytes
(CD11b */Ly6C™) and granulocytes (CD11b */Ly6C™) in the
bone marrow (Fig. 4 F, G; p < 0.001, for each), but these increases
were unaffected by MTP intervention. Nonetheless, the stress-
induced release of Ly6C™ monocytes in circulation (Fig. 4 H,I;
F(1 .3y = 86.41; p < 0.0001) was attenuated by MTP intervention
(Fig. 4 H,I; stress X intervention, F, ,3, = 5.30; p < 0.05). More
specifically, the percentage of circulating Ly6C" monocytes was
lower in the MTP-treated stress mice compared with the vehicle-
treated stress mice (p < 0.0005), but these levels were still higher
than in control mice (p < 0.0001). Last, we determined the effects
of stress and MTP intervention on CXCLI2 expression, a key
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Figure 3.

Stress-induced monocyte accumulation in the brain and the neurovascular induction of ICAM-1 were prevented by ADX. Male C57BL/6 mice were subjected to sham or ADX surgery and

allowed to recover until exposure to RSD (Stress). Brain samples were collected 14 h later for flow cytometry and mRNA analyses. 4, Representative bivariate dot plots. B, Percentage of (D45 and
(D11b labeling of Percoll-enriched myeloid cells isolated from the brain (n = 6). mRNA expression of (C) TLR4, (D) IL-1[3, and (E) ICAM-1 in a coronal brain section (n = 3—6). In a separate
experiment, mice were treated as above. At 14 h after stress, brains were perfused, fixed, and labeled for ICAM-1 expression (n = 6). F, Representative images of ICAM-1 and Ly6C expression on
blood vessels counterstained with DAPI in the dentate gyrus. Scale bar, 275 wm. Inset, Region used for analysis. Percentage area of ICAM-1 labeling in the (G) dentate gyrus and (H) PrL. Error bars
indicate mean == SEM. Means with different letters (a, b, or ¢) are significantly different (p << 0.05) from each other. Inset, Region from which images were acquired.

retention factor for bone marrow stem cells and monocytes.
Stress reduced CXCL12 mRNA levels in the bone marrow (Fig. 4];
F(19) = 11.99; p < 0.05) in an MTP-dependent manner (Fig. 4];
stress X intervention, F(, gy = 5.62; p < 0.05). Post hoc analysis
confirmed that CXCLI12 mRNA levels in the bone marrow were
significantly reduced in the vehicle-stress mice compared with
vehicle-controls (p < 0.05). Moreover, CXCL12 mRNA levels in
the bone marrow of MTP-stress mice were not different com-
pared with MTP-controls (Fig. 4]). Overall, MTP intervention

during stress reduced the release of inflammatory monocytes into
circulation by increasing their retention in the bone marrow.

MTP attenuated stress-induced glucocorticoid resistance

of splenocytes

We have previously reported that myeloid cells from the spleen of
mice exposed to RSD have an exaggerated inflammatory re-
sponse to LPS stimulation and a resistance to the suppressive
effects of corticosterone (i.e., glucocorticoid resistance) (Stark et
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Figure 4.

Stress-induced release of inflammatory monocytes from the bone marrow into circulation was attenuated by MTP. Male (57BL/6 mice were injected daily with either vehicle or MTP

(100 mg/kg) 30 min before control or RSD (Stress). At 14 h after stress, brains were perfused, fixed, and labeled for AFosB. A, Representative images of AFosB expression in the prelimbic cortex (PrL).
Scale bar, 125 wm. Inset, Region used for analysis. B, Average number of AFosB ™ cells in the PrL (n = 3). C, Plasma corticosterone (n = 6). D, IL-6 levels (n = 3 or 4). E, Spleen weight (n = 6)
was determined. Percentage of (F) (D11b ™ Ly6C " monocytes and (6) (D11b ™ Ly6C ™™ granulocytes in the bone marrow. H, Percentage and (/) representative bivariate dot plots of (D11b ™ and
Ly6C " labeling of monocytes in circulation. J, mRNA expression of CXCL12in the bone marrow (n = 3 or 4). Error bars indicate mean = SEM. Means with different letters (a, b, or ) are significantly

different (p << 0.05) from each other.

al., 2001; Hanke et al., 2012). Here, we examined the effects of
MTP on stress-induced glucocorticoid resistance of splenocytes.
In this experiment, splenocytes were collected 14 h after stress,
cultured ex vivo, activated with LPS, and incubated with increas-
ing concentrations of corticosterone. Fig. 5A shows that an in-
creasing concentration of corticosterone from 0 uM (baseline) to
5 uM reduced the survival of LPS-activated splenocytes from
vehicle-control and MTP-control groups. The LPS-activated
splenocytes from vehicle-stress group had a higher rate of sur-
vival (i.e., glucocorticoid resistance) under all concentrations of
corticosterone compared with vehicle-controls (p < 0.01 for
each dose). Moreover, the ability of corticosterone to reduce sur-
vival of splenocytes was dependent on MTP intervention (Fig.

5A; stress X intervention, F(, ;) = 6.28; p < 0.05). For example,
cell survival of the splenocytes from the MTP-stress group was
reduced by corticosterone at 0.5 um (p < 0.05) and 5 puM (p <
0.01) compared with the vehicle-stress group. These findings in-
dicate that the increased glucocorticoid resistance of splenocytes
following exposure to stress was attenuated by MTP intervention.

Next, to assess the effect of stress and MTP on the inflamma-
tory capacity of splenocytes, IL-6 levels were determined in su-
pernatants from the duplicate preparation of the same ex vivo
cultures as described above. LPS-activated splenocytes from
vehicle-stress mice produced significantly higher IL-6 in the pres-
ence of corticosterone compared with vehicle-control mice (p <
0.0001, for all concentrations). Furthermore, this IL-6 response
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Figure 5.  MTP attenuated stress-induced glucocorticoid resistance of splenocytes. Male
(57BL/6 mice were injected daily with either vehicle or MTP (100 mg/kg) 30 min before control
or RSD (Stress). Splenocytes were collected 14 h later, and cultured ex vivo in presence of LPS (1
g/ml) and increasing concentrations of corticosterone (0, 0.05, 0.1, 0.5, and 5 wm). A, Cell
survival was determined 48 h after treatment, and results are expressed as percentage baseline
of cell survival at 0 pum corticosterone (as indicated by the horizontal dashed line) (n = 6).
B, Supernatant samples were collected from a duplicate preparation 18 h after the beginning of
culture, and IL-6 levels were determined (n = 3). Error bars indicate mean == SEM. Means with
different letters (a, b, or ¢) are significantly different (p << 0.05) from each other.

was significantly reduced with MTP intervention (Fig. 5B;
stress X intervention, F(, ;;, = 6.72; p < 0.05). Compared with
MTP-stress, LPS-activated splenocytes from vehicle-stress mice
produced the highest IL-6 levels in the presence of corticosterone
(p<0.007at0 uM; p < 0.02at 0.05 un; p < 0.0003 at 0.1 M p <
0.0001 at 0.5 um; and p < 0.001 at 5 um). Overall, stress aug-
mented the proinflammatory response of splenocytes to LPS, and
these splenocytes were resistant to the anti-inflammatory ac-
tions of corticosterone. Furthermore, the stress-induced exag-
gerated inflammatory response to LPS was attenuated by MTP
intervention.

MTP attenuated monocyte recruitment to the brain and
prevented neuroinflammatory signaling

Next, the effects of stress and MTP intervention on microglial
morphology, monocyte accumulation in the brain, and inflam-
mation were assessed. As expected, stress increased the morpho-
logical restructuring of microglia (i.e., increased percentage area
of Iba-1 labeling) in the dentate gyrus (Fig. 6A,B; F(, ;) = 9.17;
p < 0.02). There was no difference in the morphological re-
structuring of microglia between MTP-treated control and
MTP-treated stress mice (p = 0.29). Stress also increased mi-
croglial restructuring in the prelimbic cortex (PrL) (Fig. 6C;
F( 11y = 6.82; p < 0.05), and this increase was prevented by
MTP intervention (Fig. 6C; stress X intervention, F, ;;, =
6.82; p < 0.05). For example, vehicle-treated stress mice
showed higher Iba-1 expression of microglia compared with
MTP-treated stress mice (p < 0.05). Therefore, MTP inter-

Niraula et al. @ Corticosterone Induced Monocyte Release with RSD

vention during stress may lead to region-dependent reduc-
tions in the morphological alterations of microglia.

Next, we examined monocyte recruitment to the brain with
MTP intervention during stress. MTP attenuated the stress-
induced accumulation of monocyte/macrophages (CD11b*/
CD45") in the brain (Fig. 6 D, E; stress X intervention, F, ;) =
8.75; p < 0.001). For example, vehicle-stress mice had signifi-
cantly more monocytes in the brain compared with MTP-stress
mice (Fig. 6B; p < 0.005). MTP-stress mice, however, still had
more monocytes in the brain than control mice (p < 0.05). In the
same experiments, mRNA expression of inflammatory media-
tors, TLR4, IL-13, and ICAM-1, were also determined in a coro-
nal section of the brain. TLR4 mRNA levels were unaffected by
either stress or MTP treatment (Fig. 6F). IL-13 mRNA levels
were increased in the brain after stress (Fig. 6G; F(, 5,y = 11.43;
p < 0.0028), and this increase was attenuated by MTP (Fig. 6G;
stress X intervention, F, 5,y = 4.19; p = 0.05). For example,
vehicle-stress mice had significantly higher IL- 13 mRNA levels in
the brain (p < 0.01) compared with MTP-stress mice. [CAM-1
mRNA in the brain was also increased by stress (Fig. 6H; F(, 5, =
7.29; p < 0.01), and this increase was prevented by MTP (Fig. 6H;
stress X intervention, F(, ,,, = 20.96; p < 0.001). For instance,
vehicle-stress mice had significantly higher ICAM-1 mRNA (p <
0.0001) compared with MTP-stress mice. Together, MTP pre-
vented stress-induced morphological changes in microglia, re-
cruitment of monocytes, and ICAM-1 and IL-1I3 mRNA
induction in the brain.

MTP prevented stress-induced induction of endothelial
ICAM-1 in the brain

Last, the effects of stress and MTP intervention on ICAM-1 in-
duction were assessed. As indicated by ICAM-1 expression on
Ly6C* brain endothelial cells, there was a neurovascular induc-
tion of ICAM-1 protein by stress in the dentate gyrus (Fig. 7A, B;
Fiy = 15.415 p < 0.006) and PrL (Fig. 7C; F(, 1,y = 6.21; p <
0.05). Furthermore, this increase was attenuated by MTP inter-
vention (Fig. 7A, B; stress X intervention, F, ;) = 24.81, p <
0.002 for DG and Fig. 7C; F(,,,, = 7.09, p < 0.03 for PrL).
Vehicle-stress mice had a higher ICAM-1 protein expression
compared with MTP-stress mice in the dentate gyrus (p < 0.01)
and in the PrL (p < 0.05). Thus, MTP intervention was effective
in preventing stress-induced ICAM induction within threat ap-
praisal centers.

Discussion

We and others have reported that RSD stress enhanced the pro-
duction and release of inflammatory monocytes that accumulate
in the brain (Wohleb et al., 2013; Menard et al., 2017). RSD also
induced endothelial cell adhesion molecule expression and mi-
croglial activation, marked by the production of chemokines and
proinflammatory mediators. This microglial activation was asso-
ciated with the recruitment of monocytes that induced neuroin-
flammatory signaling and anxiety-like behavior (McKim et al.,
2017). Activation of the peripheral immune compartments dur-
ing RSD occurred through the SNS and the HPA axis (Hanke et
al., 2012; Ramirez et al., 2016). Our objective here was to delin-
eate the effects of HPA activation and corticosterone on immune
dysregulation during RSD. We report that corticosterone pro-
duced during stress did not alter monocyte production in the
bone marrow but promoted their release into circulation in a
CXCLI12-dependent manner. Corticosterone also enhanced neu-
roendothelial ICAM-1 expression that was associated with in-
creased accumulation of monocytes and enhanced IL-1f3
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Figure 6.

MTP attenuated monocyte recruitment to the brain and prevented neuroinflammatory signaling. Male C57BL/6 mice were injected daily with either vehicle or MTP (100 mg/kg) 30 min

before control or RSD (Stress). At 14 h after stress, brains were perfused, fixed, and labeled for Iba-1. 4, Representative images of Iba-1 expression in the dentate gyrus. Scale bar, 275 wm. Inset,
Region used for analysis. Percentage area of Iba-1labeling in the (B) dentate gyrus and (€) PrL (n = 3 or 4). In a separate experiment, mice were treated as above. D, Representative bivariate dot
plots of (D45 and (D11 labeling of Percoll-enriched myeloid cells isolated from the brain. £, The percentage of (D45 " monocytes/macrophages in the enriched CD11b ™ from the brain (n = 3).
mRNA expression of (F) TLR4, (G) IL-13, and (H ) ICAM-Tin a coronal brain section (n = 3—6). Error bars indicate mean == SEM. Means with different letters (a, b, or c) are significantly different (p <

0.05) from each other.

production in the brain. Last, corticosterone production during
stress was responsible for glucocorticoid resistance in the splenic
myeloid cells.

An important confirmation from this study was that stress-
induced HPA activation resided downstream of the threat
appraisal circuitry. RSD increases the number of AFosB and
cFos-positive cells in the threat appraisal regions, including PrL,
hippocampus, and amygdala (Wohleb et al., 2011; McKim et al.,
2017). Noradrenergic and GABAergic interventions (Wohleb et
al., 2011; Ramirez et al., 2016) prevented this stress-induced
threat appraisal activation, which also prevented monocyte re-
lease and accumulation in the brain. Because stress activates both
the SNS and HPA axis, our goal was to intervene in the stress-

response pathway at the level of corticosterone production, a
physiological hallmark of stress response (Sapolsky et al., 2000).
Corticosterone depletion prevented the increase in plasma corti-
costerone and IL-6 during stress but did not alter neuronal acti-
vation in the threat appraisal regions. These findings indicate that
threat appraisal activation during stress preceded HPA activation
and corticosterone production.

A key finding of this study was that corticosterone depletion
prevented the stress-induced release of bone marrow-derived
monocytes into circulation. It is important to note that enhanced
production of monocytes with stress was maintained despite cor-
ticosterone depletion. These findings indicate that corticosterone
depletion increased monocyte retention within the bone marrow
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during stress. In support of this conclusion, we show novel data
that stress induced a profound reduction in CXCL12 mRNA and
protein in the bone marrow. CXCL12 is a chemokine key in the
retention of bone marrow cells. Disruption in the CXCL12/
CXCR4 pathways caused significant impairments in cell mobili-
zation from the bone marrow (Lévesque et al., 2003; Greenbaum
et al., 2013). CXCL12 levels in the brain were not determined in
the current study, but we have previously shown that brain
CXCL12 levels remain unaltered by stress (Sawicki et al., 2015).
In the current study, ADX and MTP intervention attenuated the
stress-induced reduction of CXCL12 in the bone marrow, and
this effect was associated with reduced monocyte release into
circulation.

Our findings on the role of corticosterone in monocyte mo-
bilization are novel because existing literature attributes mobili-
zation of bone marrow cells to macrophages or noradrenergic
nerve terminals at the bone marrow (Katayama et al., 2006; Chow
et al., 2011). For instance, local sympathetic activity in the bone
marrow was associated with increased production and release of
hematopoietic stem cells and monocytes during steady state and
chronic variable stress (Mendez-Ferrer et al., 2010; Heidt et al.,
2014). Nonetheless, the mechanisms underlying mobilization of
monocytes during psychological stress are unclear. For instance,
acute psychological stress, but not adrenergic receptor activation,
increased progenitor cell release into circulation (Riddell et al.,
2015). Moreover, transgenic mice with deficits in hematopoietic
stem cell mobilization recover normal functions when parabiot-
ically paired with wild-type mice (Pierce et al., 2017). These stud-
ies showed that a blood-borne factor (i.e., corticosterone)
mobilizes bone marrow stem cells into circulation (Pierce et al.,
2017). Our findings here show that corticosterone plays an im-
portant role in mobilization of bone marrow monocytes during
stress.

Related to the points above, monocyte production during stress
has been attributed to enhanced sympathetic signaling in the bone
marrow (Heidt et al., 2014). We have reported that interrupting the
sympathetic pathway prevents production of monocytes and accu-
mulation in tissues (Wohleb et al., 2011; Powell et al., 2013). In the
current study, corticosterone depletion did not completely ablate
monocyte release. Thus, the SNS likely remains at play. We propose
that corticosterone does not contribute to enhanced monocyte pro-
duction during stress but acts synergistically with the SNS to pro-
mote monocyte release into circulation.

Another noteworthy finding of this study was that corticoste-
rone depletion attenuated ICAM-1 expression on the neurovas-
cular endothelial cells in response to stress. We and others have
previously reported that stress causes rapid induction of ICAM-1
on the vascular endothelium (Joachim et al., 2008; Sawicki et al.,
2015). Blocking threat appraisal activation during stress pre-
vented ICAM-1 induction (McKim et al., 2017). Nonetheless,
preventing microglial activation or eliminating microglia did not
alter the stress-induced increase in ICAM-1 (McKim et al., 2017).
Therefore, we hypothesized that corticosterone, which is pro-
duced rapidly during stress, promotes ICAM-1 induction in the
neurovascular endothelium. In support of this hypothesis, both
ADX and MTP intervention prevented the stress-induced in-
crease in [ICAM-1. Corresponding with reduced ICAM-1 expres-
sion, the percentage of CD45™ monocytes in the brain was also
reduced with corticosterone depletion. Collectively, corticoste-
rone depletion during stress prevents monocyte accumulation in
the brain by limiting their release into circulation and by reduc-
ing their adherence to ICAM-1 on the brain endothelial cells.

It is also relevant to discuss that reduced monocyte accumu-
lation in the brain with MTP was associated with reduced IL-13
mRNA expression. This is consistent with our previous studies
showing that monocytes accumulate in the brain during stress
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and propagate IL-1 signaling through the endothelial IL-1-
receptorl on the brain vasculature (McKim et al., 2017).

In addition, monocyte accumulation and increased IL-13 ex-
pression may further augment microglial activation with stress.
This was apparent in the PrL where MTP attenuated monocyte
accumulation in the brain and prevented morphological altera-
tions of microglia. In the adrenalectomized mice, microglial ac-
tivation was not assessed and stress-induced IL-13 mRNA was
maintained despite reduction of monocyte accumulation. This
discrepancy in IL-1f expression between ADX and MTP treat-
ment may be attributed to broader effects of ADX (Cruz-Topete
et al.,, 2016). For instance, adrenalectomized, but not MTP-
treated, mice had reduced CX3CR1, nr4al, and P2X7 mRNA
expression in the brain at baseline (data not shown). Thus, ADX
may introduce confounds that influence CNS homeostasis.
Nonetheless, our overall results support the conclusion that cor-
ticosterone induction with RSD is critical in the release of pro-
inflammatory and glucocorticoid resistant monocytes that
subsequently accumulate in the brain and augment neuroinflam-
matory signaling.

It is also important to note that MTP blocks corticosterone
production by preventing the conversion of its precursor, 1183-
deoxycorticosterone, levels of which are increased following
MTP treatment. Although 11B-deoxycorticosterone may exert
aldosterone-like effects, its potency is low (2% potency as aldo-
sterone) and is not expected to cause significant effects (Gomez-
Sanchez et al., 2014). Furthermore, 11B-deoxycorticosterone
levels would not be increased with ADX. Indeed, our findings
from the ADX and MTP experiments are consistent with each
other. Thus, the results of this study were not confounded by
increased 11B3-deoxycorticosterone levels with MTP treatment.

Another important finding here was that corticosterone de-
pletion prevented stress-induced glucocorticoid resistance in the
splenocytes. Glucocorticoids suppress inflammatory signaling by
preventing transcription and post-translational modification of
inflammatory genes and by triggering apoptosis of immune cells
(Smoak et al., 2004). Chronic stress in humans blunts the ability
of glucocorticoids to suppress inflammatory signaling, and in-
creases risk for viral infections, cardiovascular, and other chronic
inflammatory conditions (Cohen et al., 2012; Fagundes et al.,
2013; Heidt et al., 2014; Miller et al., 2014). Glucocorticoid resis-
tance in RSD was shown in splenocytes that were resistant to the
apoptotic effects of corticosterone and produced exaggerated lev-
els of IL-6 in response to LPS (Stark et al., 2001; Quan et al., 2003).
This glucocorticoid resistance is caused by a failure of the gluco-
corticoid receptor in myeloid cells to translocate into the nucleus
(Quan et al., 2003). Nonetheless, the role of corticosterone on
glucocorticoid resistance in these myeloid cells was unknown.
Here, we provide novel data that glucocorticoid resistance of
myeloid cells was caused by overproduction of corticosterone
during stress. Indeed, stress-induced glucocorticoid resistance of
myeloid cells was prevented by corticosterone depletion with
MTP. Thus, HPA activation and corticosterone production dur-
ing stress induce glucocorticoid resistance in myeloid cells.

In conclusion, we shed light on the specific role of corticoste-
rone in the immunomodulatory effects of RSD. We show, for the
first time, that corticosterone production during stress con-
tributes to monocyte mobilization from the bone marrow by
reducing CXCLI12. Furthermore, corticosterone also increases
neurovascular ICAM-1 expression during stress that facilitates
monocyte adherence to vasculature. Finally, our findings indicate
that corticosterone production during RSD is the cause of gluco-
corticoid resistance in myeloid cells. These findings have impli-
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cations not only in stress-induced neuropsychiatric conditions,
but also in cardiovascular and inflammatory disorders associated
with stress.
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