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Microglia Promote Increased Pain Behavior through
Enhanced Inflammation in the Spinal Cord during Repeated
Social Defeat Stress
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Clinical studies indicate that psychosocial stress contributes to adverse chronic pain outcomes in patients, but it is unclear how this is
initiated or amplified by stress. Repeated social defeat (RSD) is a mouse model of psychosocial stress that activates microglia, increases
neuroinflammatory signaling, and augments pain and anxiety-like behaviors. We hypothesized that activated microglia within the spinal
cord facilitate increased pain sensitivity following RSD. Here we show that mechanical allodynia in male mice was increased with
exposure to RSD. This stress-induced behavior corresponded with increased mRNA expression of several inflammatory genes, including
IL-183, TNF-a, CCL2, and TLR4 in the lumbar spinal cord. While there were several adhesion and chemokine-related genes increased in
the lumbar spinal cord after RSD, there was no accumulation of monocytes or neutrophils. Notably, there was evidence of microglial
activation selectively within the nociceptive neurocircuitry of the dorsal horn of the lumbar cord. Elimination of microglia using the
colony stimulating factor 1 receptor antagonist PLX5622 from the brain and spinal cord prevented the development of mechanical
allodynia in RSD-exposed mice. Microglial elimination also attenuated RSD-induced IL-183, CCR2, and TLR4 mRNA expression in the
lumbar spinal cord. Together, RSD-induced allodynia was associated with microglia-mediated inflammation within the dorsal horn of
the lumbar spinal cord.
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Mounting evidence indicates that psychological stress contributes to the onset and progression of adverse nociceptive conditions.
We show here that repeated social defeat stress causes increased pain sensitivity due to inflammatory signaling within the
nociceptive circuits of the spinal cord. Studies here mechanistically tested the role of microglia in the development of pain by
stress. Pharmacological ablation of microglia prevented stress-induced pain sensitivity. These findings demonstrate that micro-
glia are critical mediators in the induction of pain conditions by stress. Moreover, these studies provide a proof of principle that
microglia can be targeted as a therapeutic strategy to mitigate adverse pain conditions. j

ignificance Statement

Despite available therapies, chronic pain remains inadequately
treated and leads to personal suffering, reduced productivity, and

Introduction
Chronic pain is the most common cause of long-term disability,
affecting >1.5 billion people (Global Industry Analysts, 2011).
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significant health care costs (Alexander et al., 2009). Chronic pain
is often associated with increased anxiety and depression that
leads to reduced quality of life (Katz and Barkin, 2010), and psy-
chological stress promotes the onset and progression of neuro-
pathic pain (DeLeo and Yezierski, 2001; Greco et al., 2004).
Psychological stress before surgery prolongs pain symptoms dur-
ing postoperative recovery (Mathews and Ridgeway, 1981;
Kiecolt-Glaser et al., 1998). Furthermore, chronically stressed in-
dividuals exhibit lower nociceptive thresholds in tests of tactile
sensitivity (Ashkinazi and Vershinina, 1999) and pressure pain
(Persson et al., 2000). Thus, stress-induced pain sensitivity and
allodynia likely contribute to the pathophysiology of chronic
pain conditions. Collectively, regulation of nociception by psy-
chological stress has negative clinical outcomes that are not yet
well understood.

Itis possible that stress regulates nociception via neuroinflam-
matory signaling within the spinal cord. For instance, mouse
models of chronic stress promote increased neuroinflammatory
signaling within the spinal cord that may contribute to increased
nociception and allodynia (Alexander et al., 2009, 2012; Sawicki
et al., 2018). Moreover, clinical and preclinical data show that
heightened neuroinflammatory signaling in the spinal cord con-
tributes to exaggerated nociception (Maier and Watkins, 2003;
Tsuda et al., 2005). For instance, microglial production of cyto-
kines IL-13 and TNF-« promotes the development of allodynia
in both peripheral nerve injury (PNI) (Raghavendra et al., 2003)
and spinal cord injury (Detloff et al., 2008) After PNI, microglia
are essential to the development of mechanical pain hypersensi-
tivity in male mice (Sorge et al., 2015). Pharmacological interven-
tions targeting microglial activation (Raghavendra et al., 2003;
Ledeboer et al., 2005; Padi and Kulkarni, 2008) or preventing
microglial proliferation (Gu et al., 2016) prevented neuropathic
pain associated with PNI. Therefore, understanding the mecha-
nism that mediates inflammatory interactions and the onset of
nociceptive symptoms in the context of psychological stress may
lead to novel therapeutic strategies for the management of
chronic pain states.

Using a murine model of psychosocial stress, repeated social
defeat (RSD), we showed that stress caused mechanical allodynia
that persisted 1 week after stress termination (Sawicki et al.,
2018). Similarly, restraint stress potentiated both allodynia and
microglial activation following PNI (Alexander et al., 2009).
Moreover, unpredictable sound stress in rats induced both hy-
peralgesia and neuroinflammatory signaling (Khasar etal., 2008).
Therefore, microglial activation and the release of proinflamma-
tory cytokines in the spinal cord likely contribute to exaggerated
pain states associated with psychological stress. However, the in-
teraction between microglia and pain, particularly in the pres-
ence or absence of concurrent stress, remains unclear.

The primary objective of this study was to determine the
mechanism by which RSD induces mechanical allodynia in the
absence of injury. Much of our previous work has focused on
microglia in the brain and their regulation of complex behavioral
responses to stress (Reader et al., 2015; Wohleb et al., 2015). The
present study showed that RSD promoted microglial activation
exclusively within the spinal cord dorsal horn, the region in-
volved with nociceptive signaling, independent of peripheral
monocyte recruitment. Corresponding to microglial activation,
RSD increased the neuroinflammatory environment within the
spinal cord, marked by increased gene expression of pronocice-
ptive mediators. Pharmacological depletion of microglia pre-
vented RSD-induced mechanical allodynia and attenuated the
inflammatory environment within the lumbar spinal cord. These
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definitive findings show that microglia are necessary for the de-
velopment of heightened pain states following stress exposure.

Materials and Methods

Mice. Male C57BL/6 (6—8 weeks old) and male CD-1 (12 months, retired
breeders) mice were purchased from Charles River Breeding Laborato-
ries and allowed to acclimate to their surroundings for 7-10 d before
experiments. Resident C57BL/6 mice were housed in cohorts of 3, and
aggressor CD-1 mice were individually housed. All mice were housed in
11.5 inch X 7.5 inch X 6 inch polypropylene cages. Rooms were main-
tained at 21°C under a 12 h light-dark cycle (lights on at 0600) with ad
libitum access to water and rodent chow. All procedures were in accor-
dance with the National Institutes of Health Guidelines and were ap-
proved by the Ohio State University Institutional Laboratory Animal
Care and Use Committee.

RSD. Mice were subjected to RSD stress as previously described (Mc-
Kim et al., 2018). In brief, an aggressive male intruder CD-1 mouse was
introduced into cages of established male cohorts (3 per cage) of C57BL/6
mice for 2 h (h) between 17:00 and 19:00 for six consecutive nights.
During each cycle, submissive behavior (e.g., upright posture, fleeing,
and crouching) was observed to ensure defeat of the resident mice. A new
intruder was introduced if an attack on the resident mice was not initi-
ated within the first 5-10 min, or if the intruder was defeated by any of
the resident mice. At the end of the 2 h period, the intruder was removed
and the residents were left undisturbed until the following day when the
paradigm was repeated. To avoid habituation, different intruders were
used on consecutive nights. As described previously in studies with RSD,
intermale aggression observed during each cycle resulted in minor tissue
damage inflicted by the intruder mouse (McKim et al., 2018). The mice
were monitored at least twice daily for any indication of distress or illness.
Mice that were injured or moribund were removed from the study. Con-
sistent with previous studies using RSD (Sawicki et al., 2015; McKim et
al.,2016), <5% of mice met the early removal criteria. Control mice were
left undisturbed in their home cages. In all studies with RSD, food intake
and body weight were monitored. Our previously published studies in-
dicate that our stress paradigm does not cause body weight loss, suggest-
ing that the stressor is not severe and the mice are able to maintain regular
eating habits (Avitsur et al., 2001). All social behavior and biological
measures were obtained 12 h after the final cycle. This time point was
selected because sympathetic nervous system and hypothalamic-
pituitary-adrenal axis activation returns to baseline by 12 h after the final
cycle (Hanke et al., 2012).

Pain behavior. Mechanical allodynia was determined as previously de-
scribed (Sawicki et al., 2018). Tactile mechanical sensitivity was analyzed
by measuring threshold responses to a calibrated von Frey rigid tip (IITC
Life Science). Mice were placed on a mesh platform in a clear compart-
ment (8 cm X 12 cm X 5.5 cm) that allows unrestrained exploration,
locomotion, and grooming. Animals acclimated to the testing environ-
ment for 30 min before testing. Mechanical thresholds were tested by
probing the mid-line of the plantar surface of the right hindpaw by a
blinded investigator to determine the force that repeatedly elicits with-
drawal of the hindpaw (L5 dermatome) from the calibrated rigid tip.
Baseline measurements were performed 24 h before RSD exposure. The
readout value represents the maximum force at which the hindpaw was
withdrawn (Martinov et al., 2013). The baseline mechanical withdrawal
threshold was determined by averaging the threshold for five consecutive
mechanical stimuli applied at 1 min intervals. In RSD and control ani-
mals, the force needed to elicit a withdrawal of the hindpaw was recorded
following three stimulus presentations at ~1 min intervals, and the mean
values of the three readings were used for analysis. A lower withdrawal
threshold (in grams) is indicative of increased pain sensitivity or me-
chanical allodynia. Subsequent behavioral testing for mechanical allo-
dynia was completed 12 h after the first, third, and final day of RSD (n =
6 per group, 2 replicates).

RNA isolation and RT-PCR. For spinal cord analyses, the cervical,
thoracic, and lumbar regions were dissected from the spinal cord and
immediately flash frozen in liquid nitrogen. RNA was isolated using
tri-reagent/isopropanol precipitation, and RNA concentration was de-
termined by NanoPhotometry (Implen). RNA (1.2 ug) was reverse tran-
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scribed to cDNA using an RT-RETROscript kit (Ambion, Thermo Fisher
Scientific). For Percoll-enriched microglia, the USB PrepEase kit (Af-
fymetrix) was used to isolate RNA according to the manufacturer’s in-
structions. QRT-PCR was performed using the Assay-on-Demand Gene
Expression protocol (Applied Biosystems). Experimental cDNA was am-
plified by real-time PCR where a target cDNA and reference cDNA
(GAPDH) were amplified simultaneously using an oligonucleotide
probe with a 5" fluorescent reporter dye (FAM) and a 3" quencher dye
(nonfluorescent quencher). Florescence was determined on an ABI
PRISM 7300-sequence detection system (Applied Biosystems). A blinded
investigator analyzed relative gene expression using the AACT method,
and results were expressed as fold difference from GAPDH (n = 6 per
group).

Oral administration. Plexxikon 5622 (PLX5622) was provided by
Plexxikon and formulated in standard AIN-76A rodent chow by Re-
search Diets at a concentration of 1200 mg/kg. Control diet consisted of
the standard AIN-76A rodent chow. Mice were provided ad libitum ac-
cess to PLX5622 or control diet for 14 d to deplete microglia before
exposure to RSD.

Spinal cord histology. Naive or RSD mice (n = 6 per group) were killed
via overdose using a mixture of ketamine and xylazine. Blood was col-
lected from the right ventricle before transcardial perfusion with 0.1 m
PBS, pH 7.4, followed by 4% PFA, pH 7.2. Spinal cord segments were
removed from the lumbar cord (L4-L6). Segments were postfixed for 1 h
in 4% PFA, rinsed in 0.2 M PB, pH 7.4 overnight, then cryoprotected in
30% sucrose before being embedded in Optimal Cutting Temperature
Compound (Thermo Fisher Scientific). Coronal sectioning the lumbar
spinal cord was performed at 20 um on a Microm HM505E cryostat and
collected in a series of equally spaced sections.

Immunofluorescence. Fluorescent immunohistochemistry was per-
formed to assess microglial reactivity and monocyte infiltration. Briefly,
tissue sections were blocked for 1 h using 2.5% NGS, 5% NDS, 0.1%
Triton X-100 in PBS. To examine microglia/monocytes, a 1:500 dilution
of rabbit anti-p2y12 (AS-55043A, AnaSpec) was combined with a 1:1000
dilution of rat anti-mouse CD45 (MCA1388, Bio-Rad) in PBS. Incuba-
tion of the primary antibody occurred overnight at 4°C. A 1:1000 dilu-
tion of donkey anti-rabbit 550 (ab96892, Abcam) was prepared with a
1:500 dilution of goat anti-rat 488 (A110006, Thermo Fisher Scientific)
in PBS to visualize p2y12 and CD45. Secondary antibodies were incu-
bated for 2 h at room temperature before coverslipping with ProLong
Diamond antifade mountant with DAPI (P36962, Thermo Fisher Scien-
tific). Slides were allowed to cure in a dark box overnight at room tem-
perature. Microglial reactivity was also assessed in select experiments
with a 1:1000 dilution of rabbit anti-mouse Iba-1 (019-19741, Wako
Chemicals). Primary incubations were completed overnight at 4°C. Sec-
tions were then washed in PBS and incubated with a fluorochrome-
conjugated secondary antibody (AlexaFluor-488). Sections were mounted
onslides, coverslipped with Fluoromount G (Beckman Coulter), and stored
at —20°C.

Imaging and quantification. Three tissue sections were imaged per spi-
nal cord level, per animal using an Olympus FV1000 filter confocal mi-
croscope (Ohio State University Confocal Microscopy Imaging Facility).
Spinal cord hemisections were further divided into dorsal (laminae 1, 2,
3, 4), intermediate (laminae 5, 6, 7), and ventral (laminae 8, 9) gray
matter segments based on predefined anatomical maps (Allen Brain At-
las, http://mousespinal.brain-map.org/). As both thoracic hemisections
are contained within a single image, the quantified hemisection was cho-
sen at random using a random sequence generator. Morphological as-
sessment of microglial reactivity from digital images was performed
using ImageJ. Quantification occurred within a single box, placed within
the intermediate laminae and two boxes in the dorsal (deep dorsal horn,
cap of the dorsal horn) and ventral horns (lateral and medial) to accom-
modate the size and irregular shape of these regions. Thresholds for
positive staining were determined by a blinded investigator and then
processed for densitometric scanning of thresholded targets. The positive
labeling in each region was expressed as percentage area and averaged
across the three tissue sections. Within the same regions in dorsal, inter-
mediate, and ventral laminae, CD45 ™ cells were counted and repre-
sented infiltration of peripheral immune cells. Cells in the tissue

J. Neurosci., February 13,2019 - 39(7):1139-1149 « 1141

parenchyma, but not within blood vessels, were quantified. For select
experiments with Iba-1 labeling, fluorescent sections were visualized us-
ing an epi-fluorescent DM5000B microscope (Leica Microsystems). Im-
ages were captured using a DFC300 FX camera (Leica Microsystems) and
imaging software. For each image, a threshold for positive staining was
determined that included all cell bodies while excluding background
staining (Image]). All results are expressed as average percentage area in
the positive threshold for all representative images.

Isolation of CD11b™ cells from spinal cord. CD11b * cells were isolated
from whole spinal cord homogenates as previously described (Sawicki et
al., 2018). In brief, spinal cords were passed through a 70 wm nylon cell
strainer and centrifuged at 600 X g for 6 min. Supernatants were re-
moved, and cell pellets were resuspended in 70% isotonic Percoll (GE
Healthcare). A discontinuous Percoll density gradient was layered as
follows: 50%, 35%, and 0% isotonic Percoll. The gradient was centri-
fuged for 20 min at 2000 X g, and cells were collected from the interphase
between the 70% and 50% Percoll layers. These cells were referred to as
enriched CD11b* cells based on previous studies demonstrating that
viable cells isolated by Percoll density gradient yields >90% CD11b "
cells (McKim et al., 2018) (n = 6 per group).

Flow cytometry. Labeling of cell surface antigens was performed as
previously described (McKim et al., 2018). In brief, Fc receptors were
blocked with anti-CD16/CD32 antibody (553142, BD Biosciences). Cells
were washed and then incubated with the appropriate antibodies (CD45,
CD11b, Ly6C, BD Biosciences) for 1 h at 4°C. Cells were washed and then
resuspended in FACS buffer for analysis. Cell numbers were estimated
using counting beads (BD Biosciences). Nonspecific binding was as-
sessed using isotype-matched antibodies. Antigen expression was deter-
mined using a FACSCalibur four-color cytometer (BD Biosciences).
Data were analyzed using FlowJo software (Tree Star) by a blinded inves-
tigator, and positive labeling for each antibody was determined based on
isotype stained controls (n = 6 per group).

GFP™ bone marrow (BM)-chimera. To establish chimerism, recipient
C57BL/6 male mice (6 weeks old) were injected intraperitoneally once
daily for 2 consecutive days with busulfan in a 1:1 solution of DMSO and
deionized water (30 mg/kg/100 wl). This dose of busulfan resulted in
high myeloid ablation with limited complications (Wohleb et al., 2013).
Donor BM-derived cells were isolated from the femur and passed
through a 70 um nylon cell strainer. Total number of cells was deter-
mined with a Particle Count and Size Analyzer (Beckman Coulter).
Donor BM-derived cells were obtained from male C57BL/6-Tg(CAG-
EGFP)1310sb/LeySop]J; strain #006567) mice. BM-derived cells (1 X
10°) were transferred to recipient mice by tail vein injection (100 ul) 48 h
after the second dose of busulfan. Mice were left undisturbed for 4 weeks
to allow engraftment. Engraftment was verified by determining the per-
centage of chimerism in the BM and blood. All mice had >90% BM
engraftment in the present study.

Isolation of cells from blood. Tissues were collected immediately follow-
ing CO, asphyxiation. Whole blood was collected with EDTA-lined sy-
ringes by cardiac puncture, and red blood cells were lysed. Tissue samples
were washed with HBSS, filtered through a 70 wm nylon cell strainer, and
then the total number of cells was determined with a Particle Count and
Size Analyzer (Beckman Coulter) (1 = 6 per group).

Experimental design and statistical analysis. The number of individual
animals is described throughout Materials and Methods. Data are ex-
pressed as treatment mean = SEM. To achieve the recommended level of
statistical significance, previous power analyses for flow cytometric stud-
ies indicated that a sample size of n = 6 was needed for each experimental
group during biochemical assays, and a sample size of n = 12 was re-
quired for each experimental group in behavioral assays (McKim et al.,
2018). Individual data points >2 SDs above and below the mean were
counted as outliers and were excluded in the subsequent analyses. To
determine significant main effects and interactions between main fac-
tors, data were analyzed using one- or two-way ANOVA using GraphPad
Prism Statistical Software. In the event of a main effect of experimental
treatment, differences between group means were evaluated by an
F-protected t test. Post hoc analyses are graphically presented in figures.
Threshold for statistical significance was set at p < 0.05.
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Figure 1. RSD caused mechanical allodynia in an exposure-dependent manner. Male
(57BL/6 mice were subjected to 6 d of RSD (Stress) or left undisturbed as controls (Control).
Mechanical allodynia was assessed before stress exposure and 12 h after the first, third, and
sixth day of RSD. Withdrawal threshold of mechanical stimulation to the hindpaw using the von
Frey behavior test was determined. Error bars indicate mean = SEM. *Significantly different
from control mice (p < 0.05).

Results

RSD stress caused mechanical allodynia in an
exposure-dependent manner

We have reported that mice exposed to RSD develop mechanical
allodynia, and this increased pain sensitivity persisted for 1 week
after stress cessation (Sawicki et al., 2018). To confirm this find-
ing, mice were exposed to RSD and mechanical allodynia was
assessed 12 h after the first, third, and sixth day of stress (Fig. 1).
Before RSD, each group had similar withdrawal thresholds. Ex-
posure to RSD induced mechanical allodynia throughout the
testing period (stress X time interaction; F; 49y = 52.88, p <
0.0001). Post hoc analysis revealed increased mechanical allo-
dynia after 3 d of RSD that was further increased by 6 d (p <
0.05). Together, these results confirm previous findings (Sawicki
et al., 2018) and demonstrate that 6 d of RSD promoted the
development of mechanical allodynia.

RSD caused region-specific microglial activation in the

spinal cord

Previous studies demonstrate that RSD activates microglia in the
brain, which promotes the development of prolonged anxiety
(Wohleb etal., 2013; McKim et al., 2018). Our next objective was
to determine whether there was microglial activation the spinal
cord in response to RSD. Here mice were exposed to 6 d of RSD or
left undisturbed as controls, and P2Y12 labeling of microglia was
determined in three key areas of the lumbar cord. We are report-
ing the lumbar data because it reflects the behavioral assay (L5
dermatome and L4-L6 spinal level histology). These include the
cap of the dorsal horn (receives input from small diameter pain
afferents), the lateral ventral horn (contains motor neurons for
lower extremity limb control), and the intermediate laminae
(maintains central pattern generators). There was a significant
increase in microglial restructuring (percentage P2Y12 area) in
the cap of the dorsal horn in mice exposed to RSD (Fig. 2A,B; p <
0.05). In the lateral ventral horn (Fig. 2C,D) and the intermediate
laminae (Fig. 2E, F), however, there was reduced expression of
P2Y12 after RSD compared with controls. Collectively, these
findings indicate that RSD activated microglia in a regionally
dependent manner, with enhanced expression in the dorsal horn

Sawicki et al. @ Microglia-Dependent Allodynia with RSD

of the spinal cord, the first relay for pain transmission in the CNS
(Zhuo et al., 2011).

mRNA expression of immune and inflammatory mediators
increased in the lumbar spinal cord after RSD

Previous studies indicate that RSD is associated with increased
gene expression of inflammatory cytokines, chemokines, and ad-
hesion molecules in the brain (Sawicki et al., 2015; Wohleb et al.,
2015; McKim et al., 2018). Inflammation within the spinal cord
may also contribute to increased pain sensitivity with stress (Al-
exander et al., 2009). Because we observed increased P2Y12 label-
ing in the lumbar spinal cord, mRNA levels of several cytokines,
chemokines, and regulatory/adhesion molecules were deter-
mined after RSD exposure in this region (Table 1). Mice exposed
to RSD had increased mRNA levels of proinflammatory cyto-
kines IL-1 and TNF-« in the lumbar region of the spinal cord
(Table 1; p < 0.05 for each). Consistent with our previous studies
in the brain (Weber et al., 2017), there was a significant increase
in the mRNA expression of CCL2 and CCR2 in the lumbar spinal
cord of mice exposed to RSD (Table 1; p < 0.05 for each). Levels
of CXCR2, E-Selectin, and TLR4 mRNA were also increased in
the lumbar spinal cord after RSD (Table 1; p < 0.05 for each).
Together, these findings indicate that RSD induced an inflamma-
tory gene profile in the lumbar spinal cord characterized by
enhanced proinflammatory cytokine expression, chemokine li-
gand/receptor interactions, adhesion molecules, and immuno-
regulatory markers.

Mechanical allodynia during RSD stress occurred
independent of peripheral monocyte recruitment to the
spinal cord

We have reported that monocytes are actively recruited to the
brain by microglia and function to augment anxiety-like behav-
ior (Wohleb et al., 2013; McKim et al., 2018). The mRNA profile
within the spinal cord of increased adhesion molecules, cyto-
kines, and chemokines suggests that monocytes may also be re-
cruited to the spinal cord. Therefore, monocyte accumulation in
the lumbar region of the spinal cord was assessed after RSD (Fig.
3). Representative bivariate dot plots of CD11b and CD45 label-
ing for spinal cord macrophages (CD11b */CD45 ™&") for control
and stressed mice are shown (Fig. 3A). There was no difference in
the number of macrophages in the spinal cord between mice
exposed to RSD compared with controls (Fig. 3B). In a separate
experiment, the number of CD45 * cells was assessed in the lum-
bar cord (Fig. 3C,D). Again, there was no difference in the num-
ber of CD45™ cells in the spinal cord between control and
stressed mice. To further confirm these results, GFP* BM chi-
meras were generated with BM-derived donor cells that ubiqui-
tously express GFP (Fig. 3E). Consistent with the CD45 data,
there was no difference in the number of GFP ™ cells in the lum-
bar spinal cord of control versus stressed mice. Collectively, these
findings demonstrate that monocytes were not recruited to the
spinal cord with RSD.

Colony stimulating factor 1 receptor (CSF1R) antagonist
PLX5622 depleted microglia in the spinal cord

Given the absence of increased monocytes in the spinal cord after
RSD, we sought to further define the role of microglia in RSD-
associated pain responses using a series of experiments using the
specific CSF1R antagonist PLX5622 (Dagher et al., 2015; McKim
et al., 2018). Following 14 d of treatment with PLX5622, micro-
glia were eliminated from the spinal cord, based on Iba-1 labeling
(Fig. 4A,B; p < 0.05). In addition, microglia-related CX;CR1
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RSD caused region-specific microglial activation in the spinal cord. Male C57BL/6 mice were subjected to 6 d of RSD (Stress) or left undisturbed as controls (Con). Mice were perfused,

and spinal cords were PFA fixed 14 h after the last day of stress. Microglial activation (P2Y12 expression) was assessed in the lumbar spinal cord. A, Representative images within the cap of the dorsal
horn of P2Y12 labeling. B, P2Y12 proportional area was determined in the cap of the dorsal horn. €, Representative images within the lateral ventral horn of P2Y12 labeling. D, P2Y12 proportional
area was determined in the lateral ventral horn. E, Representative images within the intermediate laminae of P2Y12 labeling. F, P2Y12 proportional area was determined in the intermediate
laminae. Boxed insets represent location where proportional area was measured. Error bars indicate mean == SEM. *Significantly different from control mice (p << 0.05; F-protected after analysis).

mRNA was determined in the spinal cord. The mRNA expression
of CX;CR1 was reduced by PLX5622 in the cervical (Fig. 4C; p <
0.05), thoracic (Fig. 4D; p < 0.05), and lumbar (Fig. 4E; p < 0.05)
spinal cord. Together, PLX5622 eliminated microglia from the
spinal cord.

Microglial depletion with CSFIR antagonist prevented
mechanical allodynia during RSD

In the next experiment, microglia were eliminated, and then mice
were exposed to 6 d of RSD or left undisturbed as controls. Mi-

croglial depletion with PLX5622 had no effect on RSD-induced
splenomegaly (Fig. 5A) or the peripheral production and release
of Ly6C™ monocytes (Fig. 5B). These results are consistent with
our previous findings with RSD and microglial elimination (Mc-
Kim et al., 2018).

Next, mRNA levels of several cytokines, chemokines, and reg-
ulatory/adhesion molecules (Fig. 5C—G) were determined in the
lumbar cord after PLX5622 treatment and RSD. IL-18 (Fig. 5C;
stress X intervention interaction; F(, 5,y = 6.743, p = 0.0143),
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Table 1. Lumbar cord mRNA levels (fold A)°

Gene Control Stress
Cytokines -1 1.08 = 0.19 6.33 + 2.45*
TNFa 1.03 = 0.09 1.69 £ 0.17*
IL-6 1.01 = 0.04 0.82 = 0.08*
MIF 1.02 + 0.08 1.10 = 0.06
Chemokines XCR2 1.11+0.16 5.77 £ 1.25%
(CR2 1132023 2.04 = 0.23*
X;RT 1.01 = 0.05 112 = 0.10
(¥} 1.06 = 0.15 2.88 = 0.43*
a2 1.34 =047 2.02 = 0.63
a7 115 +0.22 243 + 0.63*
axaz 1.04 = 0.12 117 = 0.7
Regulatory/adhesion GFAP 1.02 = 0.08 1.07 £ 0.05
Arginase 1.72 = 0.99 0.87 £ 0.22
IL-4Ra 1.04 = 0.12 1.35+0.28
(D206 134 = 0.43 143 £0.21
TGF-8 1.00 = 0.03 1.77 = 0.17*
E-Selectin 1.03 +0.20 5.13 & 1.48%
ICAM-1 112 +20.25 1.19 + 0.36
Miscellaneous GLAST 1.16 = 0.27 146 £ 0.24
EAAT3 112 +0.20 1.38 = 0.38
TLR4 1.05 +=0.14 1.88 + 0.20*

“mRNA expression of immune and inflammatory mediators increased in the lumbar spinal cord after RSD. Male
(57BL/6 mice were subjected to 6 d of RSD (Stress) or left undisturbed as controls. Fourteen hours after the last day
of stress, spinal cords were collected and dissected for mRNA analyses. mRNA levels of inflammatory cytokines,
chemokines, requlatory/adhesion molecules, and immune mediators were determined in the lumbar spinal cord.

*p < 0.05 (F-protected after analysis).
#p < 0.1 (F-protected after analysis).

CCR2 (Fig. 5D; stress X intervention interaction; F(, ,,) = 6.152,
p =0.0289),and TLR4 (Fig. 5E; stress X intervention interaction;
F(1 53 = 4.341, p = 0.0485) were increased with RSD, and induc-
tion of these genes was attenuated by microglial elimination. RSD
also increased CXCR2 (Fig. 5F; main effect of stress; F(, 5y =
10.35, p = 0.0067) and TNF-« (Fig. 5G; main effect of stress;
F10) = 9.503, p = 0.0116) mRNA levels. These increases, how-
ever, were unaffected by microglial elimination.

Next, mechanical allodynia was determined and analyzed by
two-way ANOVA at baseline and 12 h after the first, third, and
final day of RSD (Fig. 5H). Before stress, each of the four treat-
ment groups had comparable baseline withdrawal thresholds.
Microglial depletion by PLX5622 prevented RSD-induced allo-
dynia after 3 (stress X drug interaction; F(, 35y = 67.15, p <
0.0001) and 6 d of RSD (stress X drug interaction; F, ¢, = 235.5,
p < 0.0001). Post hoc analysis confirmed that the Stress-vehicle
group had the lowest withdrawal threshold at 3 and 6 d compared
with all other experimental groups (p < 0.01 for each). These
findings suggest that CNS microglia are critical for the promotion
of increased mechanical allodynia in mice exposed to RSD.

Discussion

Here we reveal a novel mechanism by which stress promotes
allodynia in the absence of injury. Stress promoted a heightened
neuroinflammatory environment in the spinal cord marked by
increased expression of inflammatory and immune mediators.
Moreover, stress induced microglial activation in the spinal cord
in regions specifically associated with pain signaling, indepen-
dent of peripheral monocyte recruitment. Depletion of microglia
with a CSF1R antagonist prevented the development of mechan-
ical allodynia and reduced the mRNA expression of critical in-
flammatory markers involved in nociceptive signaling. These
results indicate that microglia were involved in the development
of pain during stress through an inflammatory-driven mecha-
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nism. These findings suggest that disruption in microglial func-
tioning likely influences the neurocircuitry that underlies the
development of pain associated with stress, and provide a novel
cellular perspective on the mechanism of stress-induced pain.

A key finding was that RSD stress promotes region-specific
microglial activation in the spinal cord. Activated microglia in the
spinal cord have been directly implicated in the development of
abnormal and exaggerated pain states (Ledeboer et al., 2005). The
spinal cord dorsal horn is the first relay for pain transmission in
the CNS (Zhuo et al,, 2011). Nociceptive signaling initiated in
peripheral sensory neurons enters the dorsal horn of the spinal
cord and is transmitted to supraspinal structures, including the
thalamus (Zhuo, 2007). Here we report microglial activation,
marked by increased protein expression of microglia-specific
marker P2Y12, specifically in the cap of the dorsal horn of the
spinal cord. This effect was not seen in the lateral ventral horn or
intermediate laminae, regions related to motor and locomotion
processing. These same findings were corroborated using Iba-1
labeling for microglial activation in all three regions of the lum-
bar spinal cord (data not shown). These results are consistent
with previous studies of microglial activation in the spinal cord
dorsal horn associated with stress-induced hyperalgesia (Qi et al.,
2016). Previous studies suggest that nerve injury-induced micro-
glial activation, specifically within the spinal cord dorsal horn,
contributes to the development of abnormal pain sensations
(Yamamoto et al., 2015). We speculate that microglial activation
during RSD induces a reorganization of the circuitry within the
spinal cord dorsal horn that mediates the development of me-
chanical allodynia.

A notable finding was that stress promoted mechanical allo-
dynia independent of peripheral monocyte recruitment. RSD
corresponds with the recruitment of peripherally derived Ly6C"!
monocytes to stress-responsive brain regions, where they differ-
entiate into macrophages and propagate neuroinflammatory sig-
naling to promote anxiety-like behavior (Wohleb et al., 2013;
Weber etal., 2017; McKim etal., 2018). Despite increased inflam-
matory signaling in the spinal cord, mice exposed to RSD in the
current study did not exhibit increased macrophage accumula-
tion in the spinal cord by either flow cytometry (CD11b and
CD45) or immunohistochemistry (CD45 or GFP). This spinal
cord environment mimics what is seen after peripheral nerve
injury in which there is increased immunoreactivity in the dorsal
horn of the spinal cord but no monocyte recruitment (Alexander
et al., 2009; Gu et al., 2016). Thus, we conclude that mechanical
allodynia during RSD occurs independent of peripheral mono-
cyte recruitment to the spinal cord.

The principal finding of this study was that stress promotes
allodynia in a microglia-dependent manner. Here we show
that microglial depletion with CSFIR antagonist PLX5622
prevented the development of mechanical allodynia after
RSD. Macrophage-colony stimulating factor, which binds to
CSF1R, is integral in initiating microglial activation in the dorsal
horn of the lumbar spinal cord after peripheral nerve injury
(Guan et al., 2016). Recent studies using PLX5622 show that
microglia in the spinal cord are necessary for the generation and
maintenance of neuropathic pain associated with peripheral
nerve injury (Lee et al., 2018). Notably, microglial depletion in
the absence of injury (i.e., during stress exposure) leads to similar
behavioral outcomes observed after peripheral nerve damage
(Lee et al., 2018). It is important to highlight that systemic ad-
ministration of PLX5622 depletes microglia not only in the spinal
cord, but also the brain and myeloid cells in other tissues (Dagher
et al., 2015). Despite this, the results presented here provide evi-
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Figure 3. Mechanical allodynia during RSD occurred independent of peripheral monocyte recruitment to the spinal cord. Male C57BL/6 mice were subjected to 6 d of RSD (Stress) or left undisturbed as
controls (Con). Fourteen hours after the last day of stress, spinal cords were collected and Percoll gradient-enriched. 4, Representative flow bivariate dot plots of (D11b and (D45 labeling of Percoll gradient-
enriched cells from the spinal cord. B, Number of CD11b * /(D45 " monocytes/macrophages in the spinal cord. In a separate experiment, mice were perfused, and spinal cords were PFA fixed 14 h after the last
day of stress. Presence of monocytes ((D45 ™) was assessed in the lumbar spinal cord parenchyma. C, Representative images within the lumbar spinal cord parenchyma of (D45 labeling. D, The number of
(D45 cells was quantified in the lumbar spinal cord parenchyma. E, In another experiment, GFP ™ BM-chimeric mice were generated. GFP * BM-chimera mice were generated with BM-derived donor cells
that ubiquitously express GFP. In this model, resident (GFP ) and BM-derived cells (GFP ™) can be distinguished based on GFP expression. Four weeks after BM reconstitution, GFP ** BM-chimeric mice were
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Figure 4.

(SF1R antagonist PLX5622 depleted microglia in the spinal cord. Male C57BL/6 mice were provided ad libitum diets of PLX5622 (PLX, 1200 ppm chow) or vehicle (Veh) chow for 14 d.

Mice were perfused, and spinal cords were PFA fixed to determine microglial ablation. Microglial activation (Iba-1) was assessed in the lumbar spinal cord parenchyma. A, Representative images
within the lumbar spinal cord parenchyma of Iba-1 labeling. B, Iba-1 proportional area was determined in the lumbar spinal cord parenchyma. A separate set of mice provided with PLX5622 or
vehicle chow for 14 d were then exposed to RSD (Stress) or left undisturbed as controls. Fourteen hours after the last day of stress, spinal cords were collected and dissected for mRNA analyses. CX;CR1
mRNA levels were determined in the (C) cervical, (D) thoracic, and (E) lumbar spinal cord. Error bars indicate mean == SEM. *Significantly different from control mice (p << 0.05; F-protected after

analysis).

dence for the critical role of microglia in stress-induced pain, and
implicate microglia as a potential cellular target for the alleviation
of pain symptoms associated with stress. These findings provide
further support for the role of microglia in mediating behavioral
outcomes during stress (McKim et al., 2018).

A relevant finding was that stress promoted microglial activa-
tion through signaling pathways involving CCR2 and TLR4. RSD
is associated with the production and release of Ly6C" mono-
cytes that express a chemokine receptor profile that allows for
their trafficking to inflamed tissue (Weber et al., 2017). Inflam-
mation and chemokine-dependent recruitment of monocytes to
the spinal cord often coincide with chronic pain symptoms (Mil-
ligan and Watkins, 2009). For example, following nerve injury,
CCR2-deficient mice did not show increased monocytes in the
spinal cord and did not develop mechanical allodynia (Zhang and
An, 2007; Zhang et al., 2007). Furthermore, mice lacking CCR2
showed a marked attenuation of monocyte recruitment and me-
chanical allodynia in response to inflammatory stimuli (Abbadie
et al., 2003). Although we did not detect increased monocyte
recruitment to the spinal cord with stress, microglia-depleted
mice exhibited a significant reduction in CCR2 mRNA levels after
RSD. CCR2 is expressed by sensory neurons and, when ligated by
CCL2, can directly excite nociceptive neurons to promote pain
behavior (Miotla Zarebska et al., 2017). Therefore, it is plausible
that CCL2/CCR2 signaling pathways influence RSD-induced

mechanical allodynia independent of monocyte recruitment. Mi-
croglial depletion was also associated with a significant reduction
in TLR4 mRNA levels in the spinal cord after RSD. Evidence
suggests that TLR4 is a critical microglial receptor in the onset
and maintenance of pain (Scholz and Woolf, 2007). Microglial
TLR4 is required for the induction of behavioral hypersensitivity
in rodent models of neuropathy (Tanga et al., 2005), and block-
ade of TLR4 attenuated neuropathic pain symptoms in rats fol-
lowing chronic constriction injury (Jurga et al., 2016). TLR4 is
also involved in the formation and activation of the NLRP3 in-
flammasome, which prolongs opioid-induced mechanical allo-
dynia (Grace et al., 2016). Our findings here suggest that TLR4
signaling pathways may activate spinal microglia and potentiate
pain transmission by neurons during stress exposure. We con-
clude that microglial activation of TLR4 and CCR2 signaling
pathways contribute to mechanical allodynia during RSD.
Another relevant finding was that stress promoted an inflam-
matory gene profile in the spinal cord that corresponded with the
development mechanical allodynia. A characteristic of the RSD
model is minor cutaneous tissue damage (bite wounds) that is
inflicted on the resident mice during stress. Because tissue injury
may induce local inflammatory cytokine expression (Zhang and
An, 2007), there is a possibility wounding might have an effect on
pain. Activation of microglia in the spinal cord leads to the release
of proinflammatory cytokines that may facilitate pain transmis-
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Microglial depletion with CSF1R antagonist prevented mechanical allodynia during RSD. Male C57BL/6 mice were provided ad /ibitum diets of PLX5622 (PLX, 1200 ppm chow) or vehicle

(Veh) chow for 14 d and then exposed to RSD (Stress) or left undisturbed as controls (Con). Fourteen hours after the last day of stress, samples (blood, spleen, spinal cord) were collected for cell or
mRNA analyses. 4, Spleen weight was determined. B, Percentage of Ly6C hi monocytesin circulation. In a separate experiment, mRNA levels of (€) CXCR2, (D) TNF-c, (E) IL-183, (F) CCR2, and (G) TLR4
were determined in the lumbar spinal cord. Mice were tested for mechanical allodynia before RSD exposure and 12 h after the first, third, and sixth day of stress. H, Withdrawal threshold of
mechanical stimulation to the hindpaw using the von Frey behavior test. Error bars indicate mean = SEM. *Significantly different from control mice (p << 0.05; F-protected after analysis).
Significantly different from control mice (p << 0.1; F-protected after analysis).

sion (Ledeboer et al., 2005; Yamamoto et al., 2015). Among the

proinflammatory cytokines, IL-18 a

nd TNF-a showed the high-

est increases in mRNA expression after RSD in the lumbar spinal
cord. Several studies show a link between inflammation and pain
after IL-18 as a potent pronociceptive agent in the periphery and

CNS (Ren and Torres, 2009). Genetic impairment of IL-18 sig-
naling (Honore et al., 2006; Wolf et al., 2006) or intrathecal ad-
ministration of IL-1 receptor antagonist (Sweitzer et al., 2001)
reduces pain associated with nerve injury. Here microglia-
depleted mice showed a significant reduction in the mRNA ex-
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pression of IL-1. Therefore, it is plausible that spinal microglia
activated by RSD release IL-1B to enhance the transmission of
pain information to the brain via ascending tracts originating in
the spinal cord. TNF-a was also increased in the lumbar spinal
cord during RSD, and several studies show a critical role for
TNF-« in the modulation of nociceptive signaling (Leung and
Cahill, 2010). Nonetheless, the RSD-associated increase in
TNF-« was unaffected by PLX5622-mediated microglial deple-
tion. Notably, the effects of cytokine and chemokine gene expres-
sion transcended the region-specific microglial activation pattern
observed in the spinal cord. Other cell types may contribute to
inflammatory gene expression and the maintenance of pain in-
duced by inflammation, including astrocytes (Tanga et al., 2006).
We conclude from the current findings that spinal IL-1 is a key
inflammatory mediator in the transmission of pain to the brain in
response to stress.

In conclusion, these findings reveal a critical role for microglia
in the development of allodynia during RSD stress. The present
study showed that mechanical allodynia during stress corre-
sponded with enhanced inflammation within the lumbar spinal
cord. Furthermore, microglia were activated selectively within
the nociceptive neurocircuitry of the dorsal horn of the lumbar
cord during stress independent of peripheral monocyte recruit-
ment. Microglial depletion with CSF1R antagonist PLX5622 pre-
vented the development of mechanical allodynia during stress
that corresponded with a reduction in inflammatory markers
associated with nociceptive signaling. These results indicate that
microglia facilitate the transmission of pain to the brain during
stress through an inflammatory-driven mechanism. Thus, mi-
croglia may serve as a therapeutic cellular target in the alleviation
of pain associated with stress.
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