Brain, Behavior, and Immunity 119 (2024) 572-596

Contents lists available at ScienceDirect

Brain Behavior and Immunity

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/ybrbi

= BRAIN,
BEHAVIOR,

and IMMUNITY
e

Repeated social defeat stress differently affects arthritis-associated
hypersensitivity in male and female mice

Carmen La Porta® , Thomas Plum ", Rupert Palme ¢, Matthias Mack ¢, Anke Tappe-Theodor *

2 Institute of Pharmacology, Medical Faculty Heidelberg, Heidelberg University, Im Neuenheimer Feld 366, 69120 Heidelberg, Germany

t.)

Check for

updates
L |

b Division for Cellular Immunology, German Cancer Research Center, Im Neuenheimer Feld 280, 69120 Heidelberg, Germany
¢ Department of Biomedical Sciences, University of Veterinary Medicine, Vienna, Austria
4 Department of Nephrology, Regensburg University Hospital, Regensburg, Germany

ARTICLE INFO

Keywords:
Social defeat
Arthritis
Pain
Cytokines
Monocytes
Neutrophils
Microglia

ABSTRACT

Chronic stress enhances the risk of neuropsychiatric disorders and contributes to the aggravation and chronicity
of pain. The development of stress-associated diseases, including pain, is affected by individual vulnerability or
resilience to stress, although the mechanisms remain elusive. We used the repeated social defeat stress model
promoting susceptible and resilient phenotypes in male and female mice and induced knee mono-arthritis to
investigate the impact of stress vulnerability on pain and immune system regulation. We analyzed different pain-
related behaviors, measured blood cytokine and immune cell levels, and performed histological analyses at the
knee joints and pain/stress-related brain areas. Stress susceptible male and female mice showed prolonged
arthritis-associated hypersensitivity. Interestingly, hypersensitivity was exacerbated in male but not female mice.
In males, stress promoted transiently increased neutrophils and Ly6Chigh monocytes, lasting longer in susceptible
than resilient mice. While resilient male mice displayed persistently increased levels of the anti-inflammatory
interleukin (IL)-10, susceptible mice showed increased levels of the pro-inflammatory IL-6 at the early- and
IL-12 at the late arthritis stage. Although joint inflammation levels were comparable among groups, macrophage
and neutrophil infiltration was higher in the synovium of susceptible mice. Notably, only susceptible male mice,
but not females, presented microgliosis and monocyte infiltration in the prefrontal cortex at the late arthritis
stage. Blood Ly6Chigh monocyte depletion during the early inflammatory phase abrogated late-stage hypersen-
sitivity and the associated histological alterations in susceptible male mice.

Thus, recruitment of blood Ly6C™8" monocytes during the early arthritis phase might be a key factor medi-
ating the persistence of arthritis pain in susceptible male mice. Alternative neuro-immune pathways that remain
to be explored might be involved in females.

1. Introduction

respectively (Cathomas et al., 2019; Sawicki et al., 2020; Weber et al.,
2017; Wohleb et al., 2015), regulating the immune system as a physi-

All living individuals have to react to unforeseen stressful stimuli
(Nicolaides et al., 2014). Stress is increasing worldwide, representing
the leading cause of mental disorders, including depression (American
Psychiatric Association (APA), 2013), which is the fifth leading cause of
years lived with disability (Vos et al., 2017). Importantly, stress affects
each individual differently, depending on the genetic, epigenetic, and
constitutional vulnerability or resilience (Cathomas et al., 2019).

The stress response is mediated by the autonomic nervous system
and the hypothalamus-pituitary-adrenal axis (HPAA), which induce the
secretion of (nor)adrenaline and cortisol (corticosterone in rodents),
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ological response to maintain homeostasis (Ader et al., 1995; Cathomas
et al., 2019; Wohleb et al., 2015). Excessive or prolonged stress induces
elevated peripheral levels of cytokines (i.e., IL-6) and immune cells (i.e.,
monocytes and neutrophils), which have been associated with mental
disorders, like anxiety and depression (Cathomas et al., 2019; Raison
et al., 2006; Weber et al., 2017), and also contribute to the chronicity
and exacerbation of different inflammatory diseases, including arthritis
(Davis et al., 2009; Sawicki et al., 2020; Straub et al., 2005).

Arthritis is one of the most prevalent chronic health problems for
which osteoarthritis is the most common form (Hunter and Bierma-
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Zeinstra, 2019). The main symptoms are pain and disability, associated
with articular cartilage damage, bone remodeling, and recurrent syno-
vial inflammation (Geyer and Schonfeld, 2018; Hunter and Bierma-
Zeinstra, 2019; Yu et al., 2022). Local and systemic inflammation is
increasingly recognized to be involved in joint pathological changes
(Cremers et al., 2017) and the associated pain (Dainese et al., 2022),
with a crucial role of neutrophils, macrophages and monocytes releasing
pro-inflammatory factors (Bai et al., 2022; Chaney et al., 2022; Cremers
et al., 2017; Dainese et al., 2022; Geraghty et al., 2021; Hsueh et al.,
2021; Mathiessen and Conaghan, 2017; Smolen and Steiner, 2003;
Valdrighi et al., 2022). Moreover, peripheral inflammatory signals also
propagate to the central nervous system (CNS) via the interaction of
circulating cytokines and leukocytes with microglia and perivascular
macrophages (Malange et al., 2022), leading to neuroinflammation,
which is involved in pain regulation and comorbid anxiety and
depression (Harth and Nielson, 2019; Malange et al., 2022; Setiawan
et al., 2015).

Arthritis progression varies considerably among individuals,
depending on immune and psychosocial factors (Davis et al., 2009;
Uhlig et al., 2000). Stress resilience appears to have a protective role and
is associated with lower pain and disability (Johnson et al., 2019;
Sturgeon et al., 2016; Sturgeon and Zautra, 2010). Therefore, it is
important to consider individual vulnerability and investigate the po-
tential mechanisms that distinguish resilience and susceptibility to
achieve better treatment strategies.

This study aimed to investigate the impact of chronic stress on pain
and the immune response in the mouse model of kaolin/carrageenan (K/
C)- induced arthritis. We used the repeated social defeat stress (RSDS)
model (Golden et al., 2011; Harris et al., 2018) to assess the effect of
vulnerability and resilience to stress in male and female mice. We
studied its impact on diverse pain-related behaviors and histological
alterations induced by the arthritis model. Furthermore, we analyzed
associated immune cell and cytokine profiles in the blood and synovial
fluid and neuroinflammatory markers in the brain.

2. Materials and methods
2.1. Animals and housing conditions

We used 8-week-old C57BL/6J male and female mice and > 4-
month-old retired CD-1 male breeders (Charles River, Germany) at the
beginning of the experiments. Mice were housed in individually venti-
lated cages (IVC) green line GM500 (391 x 199 x 160 mm, floor area
501 cm2) connected to a ventilation system (Tecniplast). Upon delivery,
C57BL/6J mice were housed in groups of 4 before repeated social defeat
stress (RSDS) and 2 per cage after RSDS until sacrifice. CD-1 mice were
singly housed before and after RSDS. They had ad libitum access to food
and water under a 12-hour light/ dark cycle (7:00 am/ 7:00 pm),
ambient temperature (22 + 2 °C), and humidity (40—60 %). The gen-
eral health of mice was checked daily. Animal housing rooms were on
the same floor, close to the behavioral rooms.

All procedures followed the ethical guidelines imposed by the local
governing body (Regierungsprasidium Karlsruhe, Germany; file no.
35-9185.81/G-240/19) and the International Association for the Study
of Pain (IASP) guidelines for animal pain research. Animal experiments
complied with the ARRIVE guidelines and have been conducted in
accordance with the EU Directive 2010/63/EU for animal experiments.
All efforts were made to minimize animal suffering and reduce the
number of animals used. Experimenters were blind to group assignments
and outcome assignments and mice were randomly assigned to the
different groups.

2.2. Repeated social defeat stress (RSDS) model

RSDS was performed as previously described in male (Golden et al.,
2011) and female mice (Harris et al., 2018). One day before RSDS
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started, previously selected CD-1 aggressor mice (Golden et al., 2011)
were singly housed on one side of a cage equipped with a clear perfo-
rated Plexiglas divider in the middle. Experimental C57BL/6J mice were
exposed every day for ten consecutive days to a novel CD-1 aggressor in
its home cage for up to five minutes of physical aggression and imme-
diately after were placed on the opposite side of the perforated divider,
allowing for physical separation but continuous sensory contact with the
aggressor for 24 h. The social defeat session lasted up to 5 min, during
which mice were carefully observed. The session was terminated before
the 5 min had expired if the defeated mice started to be severely
wounded. Male and female mice were exposed to the same RSDS pro-
cedure, except that we applied male urine to female mice (20 pl at the
base of the tail and vaginal orifice) immediately before each daily RSDS
session to induce repetitive attacks from aggressive male CD1 mice
(Harris et al., 2018). Mice were visually inspected for wounding, and
mice with excessive wounding or moribund were immediately
sacrificed.

Control mice were housed in two per cage in identically partitioned
cages and rotated daily within the other controls’ cages to simulate the
defeated mice’s rotation with the new aggressors. On the day of the last
defeat bout, experimental defeated mice were also housed in two per
cage and separated by the divider till the end of the experiments.

2.3. Knee joint mono-arthritis model

Knee mono-arthritis was induced as previously described (Tappe-
Theodor et al., 2011). Mice were anesthetized with a sleep-mix solution
composed of Fentanyl (0.01 mg/kg; Janssen-Cilag, Germany), Medeto-
midine (0.3 mg/kg; Alvetra, Germany) and Midazolam (4 mg/kg;
Hameln Pharma Plus, Germany). Kaolin (Sigma, Germany) suspension
(4 %, 40 pl) was slowly injected into the joint cavity through the patellar
ligament of the right knee. After repetitive flexions and extensions of the
hindlimb for 15 min, a carrageenan (Sigma) solution (2 %, 40 pl) was
injected into the same knee joint and flexed and extended for another 5
min. The control group of mice received saline solution. The anesthesia
was antagonized with i.p. injection of Naloxone (0.4 mg/kg; Inresa
Arzneimittel, Germany), Flumazenil (0.5 mg/kg; Fresenius, Germany),
and Atipamezole (2.5 mg/kg; Prodivet Pharmaceuticals, Belgium).

2.4. Antibody treatment for monocyte depletion

Male C57BL/6J mice with K/C-induced arthritis received daily i.p.
injections of a rat anti-mouse C-C motif chemokine receptor (CCR2)
monoclonal antibody (clone MC-21, provided by Prof. Matthias Mack),
or IgG2b kappa isotype control (clone LTF-2, BioXCell, Germany) (Briihl
et al., 2007; Mack et al., 2001; Pfau et al., 2019). Antibodies were
administered at a dose of 20 ug per mouse per day in 100 pL of sterile
phosphate buffer saline (PBS) for 5 consecutive days starting one day
before mono-arthritis induction. The injection protocol lasted 5 days
because after that the antibody becomes ineffective due to the genera-
tion of mouse anti-rat antibodies (Briihl et al., 2007; Pfau et al., 2019).

2.5. Behavioral tests

All behavioral tests were performed between 9 am and 2 pm, except
for the voluntary wheel running, which was performed during the active
time. Mice were brought into the behavioral room half an hour before
behavioral testing.

2.5.1. Social interaction (SI) test

SI test was performed as described previously (Golden et al., 2011).
In the first phase of the test (no target phase), defeated mice were placed
in an open-field arena with an empty cylindrical wire enclosure placed
at one end and centered against the wall, and mouse exploratory
behavior was tracked for 150 s in the absence of the target CD-1 mouse
using Sygnis Tracker software (Sygnis, Germany).
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In the second phase (target phase), a non-familiar CD-1 mouse was
placed in the enclosure. Exploratory behavior of the defeated mouse was
recorded for additional 150 s.

SI ratio and time spent in interaction and corner zones of the arena
were calculated. The SI ratio was obtained by dividing the time spent in
the interaction zone when the target is present by the time spent in the
interaction zone when the target is absent. A SIratio equal to 1 was used
as the threshold for dividing defeated mice into susceptible and resilient.

2.5.2. Anxiety-like behavior

2.5.2.1. Elevated plus maze (EPM) test. The EPM test was performed as
previously described (La Porta and Tappe-Theodor, 2020). The mice
were placed in the center of the maze facing the closed arms, and five-
minute test sessions were digitally recorded with Sygnis Tracker soft-
ware (Sygnis, Heidelberg, Germany) to measure the time spent in each
arm.

2.5.2.2. Elevated zero maze (EZM) test. The EZM apparatus (Ugo Basile,
Varese, Italy) consisted of a circular maze (50 cm diameter, 5 cm track
width) with 50 % enclosed (20 cm wall height) and 50 % open areas.
Mice were placed in the open space facing the closed area. The time and
distance exploring the two arena compartments were recorded with the
Sygnis Tracker for 5 min, as previously described (Elkhatib et al., 2020).

2.5.3. Anhedonic-like behavior — sucrose preference (SP) test

Anhedonia was measured with the SP test, as previously described
(Menard et al.,, 2017). This test was performed in the home cage
equipped with the separator containing two mice (one per side) by
removing the standard water bottles and replacing them with two
drinking bottles per mouse (50 mL Falcon® with siliconized rubber stops
and stainless steel sipper tubes). The two bottles were filled with water
for a 24-h habituation period. Next, water from one bottle was replaced
with a 1 % sucrose solution, and mice were allowed to drink ad libitum
for 24-h hours. These first 24 h of sucrose availability were used as
another habituation period, as the non-familiar sucrose solution could
induce neophobia. Subsequently, the side of the bottles was switched for
an additional 24-h period of drinking to prevent place preference. The
amount of water and sucrose solution consumed by each mouse was
measured daily by weighing the bottles. At the end of the 48-h testing,
sucrose preference was calculated by dividing the total amount of su-
crose solution consumed by the total amount of liquid (water plus su-
crose solution) consumed over the last 24 h.

2.5.4. Depressive-like behavior — tail suspension (TS) test

The TS test was performed as previously described (La Porta and
Tappe-Theodor, 2020). Mice were suspended by their tail with adhesive
tape 50 cm above the surface, and the immobility time was recorded and
manually analyzed during the whole testing period of 6 min.

2.5.5. Mechanical sensitivity — von Frey (VF) test

Mice were kept in standard plastic modular enclosures on top of a
perforated metal platform (Ugo Basile, Varese, Italy), enabling the
application of von Frey filaments (North Coast Medical, Gilroy, CA,
USA) to the center of the plantar surface of the mouse paw from below.
Mice were acclimatized on three consecutive days for one h to the von
Frey compartments and at least 30 min before starting the measure-
ments on each experimental day. Filaments with increasing forces of
0.07, 0.16, 0.4, 0.6, 1, and 1.4 g were consecutively applied to the
plantar surface center of both hindpaws until bending. Each filament
was tested five times on each paw with a minimum two-minute resting
interval between each application, and the number of withdrawals was
recorded. Mechanical sensitivity was expressed as a 60 % response
threshold (g), defined as the minimum pressure required for eliciting 60
% of withdrawal responses out of five stimulations or as % of response
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frequency to each filament, as previously described (La Porta and Tappe-
Theodor, 2020).

2.5.6. Heat sensitivity — plantar test

Heat sensitivity was assessed by evaluating the hindpaw withdrawal
latency in response to radiant heat with the Hargreaves apparatus (Ugo
Basile, Varese, Italy), as previously shown (La Porta and Tappe-Theodor,
2020). Mice were kept in standard plastic modular enclosures on top of a
glass platform, enabling the application of the radiant heat source
(infrared intensity 50) to the hindpaw plantar surface. Mice were
acclimatized on three consecutive days for one h to the setup and at least
30 min before starting the measurements on each experimental day.

The withdrawal latency was calculated by averaging three measures
on each paw with a minimum of five minutes resting interval and a cut-
off time of 20 s.

2.5.7. Gait analysis

The CatWalk XT system (10.6 version) (Noldus, Wageningen, The
Netherlands) assessed static and dynamic gait parameters. The appa-
ratus consists of an enclosed black corridor (1.3 m long) on a glass plate,
internally illuminated with a green LED light. The mouse is placed at one
end of the corridor and allowed to pass through it. The Illuminated
footprints™ technology captured the paw prints when the mice walked
from one side to the other of the apparatus corridor, and the CatWalk XT
software calculated statistics related to print dimensions and time and
distance relationships between footfalls.

Mice were habituated to the CatWalk setup and allowed to cross the
corridor during three sessions one week before starting the experiments.
On each testing day, mice were allowed to cross the corridor three times.
Only completed trials within the defined speed range between 10 and
20 cm/s, with a speed variance < 60 %, were accepted as passed runs
and included in the analysis. Three passed runs for each mouse were
semi-automatically analyzed for one selected static (stand time) and one
dynamic (swing time) gait parameter. To better illustrate pain-
associated changes in these parameters, run data of the right (RH) and
left (LH) hind paw were displayed as RH/LH ratio obtained from the
average of three runs per animal (Nees et al., 2023; Pitzer et al., 2016).

2.5.8. Voluntary wheel running

Free choice wheel running activity was monitored with an activity
wheel chamber system (Lafayette Instrument, Louisiana, USA), as pre-
viously described (2). Mice were individually placed in cages with free
access to a running wheel (diameter 12 cm, width 5.5 cm) equipped with
an optical sensor to detect the total revolutions of the wheel and con-
nected to a USB Interface and PC running an AWM Software (Lafayette
Instrument). Mice were not trained before starting the experiments.
Water and food were provided in the cage, and the running activity on
the wheel was monitored from 6p.m. to 8 a.m. (14 h) on each experi-
mental day and this period included the dark phase of the light cycle
(from 7p.m. to 7 a.m.). It was chosen based on a previous study showing
that mice are particularly active on the running wheel during this period
compared to the light day phase (Pitzer et al., 2016).

2.6. Knee diameter

Knee diameter (in mm) was measured using a digital electronic
caliper (Fine Science Tools, Heidelberg, Germany) along the antero-
posterior and medio-lateral axis of the joint to assess swelling. Data
were displayed as the difference (A) between the right and left knees.

2.7. Fecal corticosterone metabolite (FCM) measurement

FCM levels were non-invasively measured, as previously described
(Segelcke et al., 2023). Feces were collected around noon by individu-
ally placing the mice in empty Macrolon Type II cages (Tecniplast) for
60 min to collect a minimum of 5-6 fecal boli and stored at —20 °C until
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extraction. Fecal samples were dried for two hours at 80 °C before me-
chanical homogenization, and 0.05 g were extracted with 1 ml 80 %
methanol for 30 min on a vortex. After centrifugation for 10 min at 2500
g, 0.5 ml supernatant was frozen until analysis. FCMs were measured
using a 5a-pregnane-3f,11f,21-triol-20-one enzyme immunoassay
(Touma et al., 2003).

2.8. Blood serum collection for FACS and cytokine analysis

Blood was collected in briefly anesthetized mice via the puncture of
the submandibular vein on day 12 post-SDS and day 5 and 35 post-KC.
Mice were briefly anesthetized in an induction chamber with 1.5 %
isoflurane in a 30 %/70 % oxygen/nitrous oxide mixture. The sub-
mandibular vein was punctured with the tip of a 25-gauge needle,
allowing the blood to flow out and collect in an Eppendorf tube.
Seventy-five microliter of blood were immediately transferred to a tube
pre-coated with 25 ul of EDTA (1.5 mg/ml of blood) to avoid coagula-
tion. Blood cells were then pelleted by centrifugation for 5 min at 300 g,
and the supernatant (plasma) was frozen until further analysis. The
remaining cell pellets were then resuspended in red blood cell lysis
buffer, and lysis was performed according to the manufacturer’s pro-
tocol (RBC Lysis Buffer, BioLegend). After washing with PBS supple-
mented with 5 % fetal calf serum (FCS, Sigma-Aldrich), cells were
analyzed by flow cytometry as described below.

2.9. Synovial fluid collection for FACS and cytokine analysis

Synovial fluid was collected from the knee at day 35 post-KC
immediately after euthanasia with an overdose of CO;. The joint skin
was excised, the patellar ligament cut below the patella and the patella
was lifted to expose the synovial membrane. A needle (0.3 x 8 mm, 30
G) attached to a 0.3-mL U100 insulin syringe (BD Micro-Fine+, Hei-
delberg, Germany) was carefully inserted into the knee joint space and
gently flushed twice with 25 pl of sterile saline. A total of 50 ul of sy-
novial fluid lavage was recovered by aspiration and transferred into a
tube. The synovial fluid samples were centrifuged twice for 2 min at
2100 rpm. The supernatant was frozen in dry ice and stored at —80 °C
until used for cytokine analysis. The pellet was re-suspended with 100 ul
of 5 % fetal bovine serum (Gibco-Thermo Fisher Scientific, Germany) in
PBS and kept in ice until FACS analysis.

2.10. Flow cytometry — fluorescence activated cell sorting (FACS)

Blood and synovial fluid single-cell suspensions were centrifuged,
and cell pellets were incubated for 15 min with 200 pg/mL mouse IgG
(Jackson ImmunoResearch Laboratories) to block Fcy-receptors. After
washing with PBS supplemented with 5 % FCS (Sigma-Aldrich), cells
were stained with fluorochrome-coupled antibodies for 20 min on ice
and protected from light. Cells were washed and incubated with 100 nM
SytoxBlue (LIFE technologies) for dead cell exclusion. Absolute cell
numbers were quantified by addition of a defined number of 123 count
eBeads (LIFE technologies) to the samples before analysis with a BD
LSRFortessa™ (Becton Dickinson). Data were analyzed using FlowJo
software (Treestar). The gating strategy is represented in Supplemental
Fig. 1.

Antibodies used were: CD45-BV786 1:400 (A20; BioLegend), CD19-
APC 1:400 (1D3; BD Biosciences), MHCII-A700 1:100 (M5/114.15.2;
Invitrogen), CD11b-BV421 1:800 (M1/70; BioLegend), Ly6G-PerCP-
Cy5.5 1:100 (1A8; BioLegend), Siglec-F-PE 1:100 (E50-2440; BD Bio-
sciences), NK1.1-BV711 1:100 (PK136; BioLegend), Ly6C-APC-FIRE750
1:200 (HK1.4; BioLegend), and CD3-FITC 1:200 (17A2; BioLegend).

2.11. Cytokine bead assay

Blood plasma and synovial fluid cytokines were measured with the
bead-based multiplex assays LEGENDplex™ Mouse Inflammation or Th
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Cytokine Panels (both BioLegend), according to the manufacturer’s
instructions.

2.12. Tissue preparation for histology

Mice were transcardially perfused with PBS (pH 7.4) followed by 4 %
paraformaldehyde (PFA) solution at day 12 post-RSDS and day 35 post-
KC. The knee joints (day 35 post-KC) and the brains (both time points)
were collected and post-fixed in the same fixative overnight at 4 °C.
Samples were then stored in 0.5 % PFA at 4 °C until processing.

2.13. Knee histology

Knee joints were decalcified in 0.5 M ethylenediaminetetraacetic
acid (EDTA, pH 7.4) on a shaker at 4 °C for ten days, changing the so-
lution every third day. Decalcified samples were cryoprotected in 30 %
sucrose in PBS for at least four days at 4 °C. After embedding in Tissue-
Tek OCT cutting medium (Leica Biosystem), 16 um serial sections were
cryo-cut in the coronal plane and thaw-mounted onto gelatin-coated
slides for subsequent staining. Sections were stained for cartilage al-
terations (Safranin-O/ Fast Green protocol, see below) and synovium
inflammation (Hematoxylin- Eosin staining, see below), imaged with a
4x objective using a Nikon microscope equipped with a DS-Fi3 camera
(Y-TV55, Nikon Instruments, Diisseldorf, Germany) and scored as pre-
viously described (Glasson et al., 2010; Lewis et al., 2011; Schmitz et al.,
2010).

2.13.1. Safranin-O/ Fast green staining

This staining allows identification of different joint compartments
and detects cartilage alterations (Schmitz et al., 2010). Briefly, the
procedure consists of consecutive baths in (1) Mayer Hematoxylin so-
lution (Carl Roth, Karlsruhe, Germany), 8 min; (2) running tap water, 5
min; (3) Fast Green (Sigma, Steinheim, Germany) 0.05 % solution, 5
min; (4) 1 % acetic acid solution, 15 s; (5) Safranin-O (Sigma) 0.2 %
solution, 5 min; (6) 100 % ethanol, 5 min; (7) 2x 100 % ethanol, 2 min;
(8) xylene, 2 min. This results in the coloration of cartilage matrix in
orange to red, the underlying bone in green, the nuclei in black, and the
cytoplasm in grey-green. After drying, slides were cover slipped with
Eukitt (O. Kindler, Freiburg, Germany). Bright-field images were ob-
tained with a 4x objective using a Nikon microscope with a DS-Fi3
camera (Nikon Instruments, Amsterdam, The Netherlands). At least
three sections per knee joint per mouse were examined and scored for
cartilage degeneration, according to the Osteoarthritis Research Society
International (OARSI) association (Glasson et al., 2010). This semi-
quantitative scoring system ranges from 0 to 6 as follows: 0, normal;
0.5, loss of Safranin-O without structural changes; 1, small fibrillations
without loss of cartilage; 2, vertical clefts down to the layer immediately
below the superficial layer and some loss of surface lamina; 3, vertical
clefts/erosion to the calcified cartilage extending to < 25 % of the
articular surface; 4, vertical clefts/erosion to the calcified cartilage
extending to 25-50 % of the articular surface; 5, vertical clefts/erosion
to the calcified cartilage extending to 50-75 % of the articular surface; 6,
vertical clefts/erosion to the calcified cartilage extending > 75 % of the
articular surface. All four joint quadrants (medial tibia, medial femur,
lateral tibia, lateral femur) were analyzed, and the severity of cartilage
changes was expressed as the summed score of the four quadrants per
section and averaged between the different sections analyzed per mouse.

2.13.2. Hematoxylin- Eosin staining

This staining was used to detect the changes in synovial lining
thickness and cellular density in the synovial stroma as a measure of
synovial inflammation (Lewis et al., 2011; Schmitz et al., 2010). The
protocol consisted of consecutive baths in (1) Mayer Hematoxylin so-
lution (Carl Roth), 8 min; (2) running tap water, 5 min; (3) 95 % ethanol
solution, 10 dips; (4) Eosin Y (Sigma) 0.25 % solution, 1 min; (5) 3x 100
% ethanol, 5 min; (6) xylene, 2 min. This results in the coloration of
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cartilage matrix in pink, bone and fibrotic tissue in pink to red, nuclei in
blue, and cytoplasm in pink to red. After drying, slides were cover
slipped with Eukitt (O. Kindler, Freiburg, Germany). Bright-field images
were obtained with a 4x objective using a Nikon microscope with a DS-
Fi3 camera (Nikon Instruments, Amsterdam, The Netherlands). At least
three sections per knee joint per mouse were examined and scored for
synovitis, as previously reported (11). The score was obtained by eval-
uating the enlargement of the synovial lining cell layer (0 points, 1-2
cells thickness; 1 point, 2-4 cells thickness; 2 points, 4-9 cells thickness;
3 points, >10 cells thickness) and density of synovium stromal cells (0
points, normal cellularity; 1 point, cellularity slightly increased; 2
points, cellularity moderately increased; 3 points, cellularity greatly
increased, pannus formation and rheumatoid-like granuloma might
occur). The synovial insertion of the lateral femur, medial femur, lateral
tibia, and medial tibia were evaluated, and the severity of synovial
inflammation was expressed as the summed score of the four quadrants
per section and averaged between the different sections analyzed per
mouse.

2.13.3. Immunohistochemistry for macrophages and neutrophils

Joint sections were also used for immunohistochemistry to identify
macrophages (F4/80, clone MB8, 123102, BioLegend, San Diego, USA)
and neutrophils (Ly6G, clone 1A8, 127602, BioLegend). Briefly, sections
were pretreated with antigen retrieval solution (2.94 % Tri-sodium cit-
rate, AppliChem, Darmstadt, Germany, in distilled H,O, pH 6) for 20
min at 83 °C. Endogenous peroxidase was quenched with 1 % H04 in 1x
PBS/ methanol (1:1) for 15 min. Sections were first incubated with 7 %
normal serum in 0.2 % triton (Carl Roth, Karlsruhe, Germany) in PBS
(PBST) for 30 min at room temperature to block unspecific binding and
then with rat anti-mouse monoclonal antibodies (F4/80 or Ly6G) at
1:100 dilutions, overnight at 4 °C. Negative controls received blocking
serum instead of the primary antibody. Then, following 3x 10 min
washes with PBS, a rabbit anti-rat detection kit was used (Vectastin Elite
ABC Kkit, Vector Laboratories, Burlingame, CA, USA), followed by 3,30-
Diaminobenzidine (DAB) substrate (Vector Laboratories) for chromo-
genic detection and hematoxylin counter stain, as per manufacturer
instructions. Digital images of the stained sections were obtained with a
10x objective using a Nikon microscope. Positive F4/80 or Ly6G cells
were manually counted with ImageJ/Fiji software (National Institutes of
Health, USA) and reported as the percentage of cells over the total cells
in the area of interest.

2.14. Immunohistochemistry on brain sections

Brain coronal sections (50 pm) were cut with a vibratome (Leica
VT1000S, Germany). Free-floating sections selected between Bregma +
1.98 mm and + 1.10 mm, spanning the rostral anterior cingulate cortex
(rACQC), prelimbic, (PrL), and infralimbic (IL) areas (12), were incubated
in antigen retrieval solution (2.94 % Tri-sodium citrate in distilled H20,
pH 6) for 20 min at 83 °C. After cooling to room temperature, the sec-
tions were incubated in 50 mM glycine (AppliChem) in PBS followed by
PBST for ten minutes each, then blocked with 10 % normal horse serum
(NHS) in PBS for 45 min. The sections were successively incubated with
the primary antibody diluted in blocking solution overnight at 4 °C. The
following primary antibodies were used: anti-Ibal (rabbit, 1:500;
019-19741, Wako, Neuss, Germany) as a marker for microglia; anti-
CD45 (rat, 1:200; MCA1388, Bio-Rad, Feldkirchen, Germany) as a
marker for monocytes infiltrating the brain; anti-AFosB (rabbit, 1:2000;
D3S8R, Cell Signaling, Leiden, The Netherlands) as a marker of sus-
tained neuronal activation.

The sections were washed twice in 10 % horse serum in PBS for 10
min and incubated with the secondary antibody (1:700 dilution) in
washing solution for one h at room temperature. Donkey anti-rabbit
Alexa 488 (A-21206) was used for the Iba-1 staining, donkey anti-rat
Alexa-594 (A-21209) was used for the CD45 staining, and donkey
anti-rabbit Alexa-594 (A-21207) was used for the AFosB staining (all
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from Thermo Fischer Scientific, Darmstadt, Germany). The sections
were rewashed and incubated in Hoechst (#H3670, 1:10 000 in PBS,
Thermo Fischer Scientific) for 10 min. Tissues were washed three times
in PBS for 10 min and incubated for 10 min in 10 mM TRIS-HCI before
mounting with Mowiol (Sigma-Aldrich).

Stained sections for Iba-1 and CD45 were imaged by using a confocal
laser-scanning microscope (Leica TCS SP8 AOBS, Wetzlar, Germany)
with a 20x objective (Leica, 20X/0.75, HC PL APO). Images were ac-
quired in the sequential line scan mode with a 1024x1024 resolution
over a 25 um depth (Z-step: 2.5 um, 10 steps) in the target regions
defined by the Paxinos and Franklin atlas (Franklin and Paxinos, 2013).
Sections stained for AFosB were imaged with an epifluorescence mi-
croscope equipped with a DS-Qi2 camera (10 x objective; Nikon). The
mean signal intensity of Iba-1 immunoreactivity, number of CD45 pos-
itive cells per mm? and count of AFosB positive cells per mm? was
measured using ImageJ/Fiji software (National Institutes of Health).

At least three brain sections per each rostral anterior cingulate cortex
(rACC) prelimbic, (PrL), and infralimbic (IL) areas per mouse were
stained, imaged, and analyzed with ImageJ/Fiji, using the same settings
for all the sections and mouse groups.

For Iba-1, the mean signal intensity was measured using a region of
interest (ROL; 270.44 pm x 270.44 um) to measure the intensity on three
different locations of each brain area per section. The resultant values
were averaged for the respective brain areas of each mouse.

For CD45 staining, the positive cells were manually counted using
the ImageJ/Fiji cell counter plug-in on the whole rACC, PrL, and IL areas
of each section because the presence of these cells in the brain is very
sparse.

For AFosB, positive neurons on the whole rACC area were quantified
using the automatic “particle analysis” counting option with a fixed
configuration that only detected pixels that matched a certain range of
size and circularity. Before running the particle analysis counter, a fixed
threshold interval was set to distinguish the AFosB positive neurons
from the background and convert the image in binary. Additionally, the
“watershed separation” was applied on the binary images to separate
AFosB positive neurons, which are too close and overlap, for more ac-
curate counting.

2.15. Statistical analyses

Statistical analyses were performed with Graph Pad Prism (version
9.0). One and two-way random measures ANOVA, and two-way
repeated measures ANOVA followed by Tukey’s post-hoc multiple
comparisons were used when a main effect or significant interaction
between two main factors was indicated. The differences were consid-
ered statistically significant when P < 0.05. F and P values from all
experimental groups shown in the main figures are listed in Supple-
mental Table 1.

3. Results

3.1. Repeated social defeat stress (RSDS) drives resilience versus
susceptibility with distinct phenotypes in male mice

Following ten days of RSDS, male mice were tested for SI perfor-
mances to distinguish between resilient and susceptible populations
according to their SI ratio (Golden et al., 2011) (Fig. 1A). Susceptible
mice (SI ratio < 1) avoided interaction with the target (aggressor) and
spent significantly more time in the corners of the SI arena (Fig. 1B). In
contrast, resilient mice (SIratio > 1) interacted more with the target and
spent similar time in the corners as control mice which were never
exposed to RSDS (Fig. 1B). As an index of stress hormones at the end of
RSDS, fecal corticosterone metabolite (FCM) levels were measured
(Fig. 1A) and found to be similarly increased in both resilient and sus-
ceptible groups compared to controls (Fig. 1C).

Male mice were then characterized for their emotional-like behavior
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Fig. 1. Distinct phenotypes in RSDS-driven resilient and susceptible male mice. (A) Schematic representation of the experimental timeline. RSDS was applied
for ten days, followed by the analysis of FCMs. Behavior was assessed on the following four subsequent days for social avoidance with the SI test, anxiety-like
behavior with EPM or EZM, anhedonia-like behavior with SP, and depression-like behavior with TS test. (B) SI ratio (left panel), time in the interaction zone
(middle panel), and time in corners (right panel) during the absence (no target) or the presence (target) of the aggressor mouse in the SI test (n = 15-31/group). (C)
FCM levels were measured after RSDS (n = 14-17/group). (D) Percentage of time spent in the open arms of the EPM (n = 8-21/group). (E) Percentage of time spent
in the open arms of the EZM (n = 7-10/group). (F) Percentage of sucrose intake in the SP test (n = 8-21/group). (G) Immobility time in the TS test (n = 8-21/group).
Data are expressed as mean + SEM with individual data points representing individual mice. P < 0.05 indicated by # compared to the control group, § compared to
the resilient group, + compared to “No target” time-point within a group; one-way ANOVA (B, C left panel, D, E, F, G) or two-way repeated measures ANOVA with
Tukey-post-hoc-test (C, middle and right panel). See Supplemental Table 1 for further statistical information. ANOVA, analysis of variance; EPM, elevated plus maze;
EZM, elevated zero maze; FCM, fecal corticosterone metabolites; RSDS, repetitive social defeat stress; SI, social interaction; SP, sucrose preference; TS,
tail suspension.

(Fig. 1A). In the EPM test, both resilient and susceptible mice showed
increased anxiety-like behavior, as indicated by a significant reduction
of the % time spent in open arms as compared to controls (Fig. 1D).
However, in EZM (different mouse cohort) we observed increased anx-
iety only in susceptible mice, spending significantly less % time in open
quadrants compared to resilient and controls (Fig. 1E). Along the same
line, susceptible mice also displayed increased anhedonia, indicated by a
significant reduction of sucrose preference compared to resilient and
control mice (Fig. 1F). In contrast, both resilient and susceptible mice
showed increased behavioral despair, indicated by significantly
increased immobility time in the TS test compared to controls (Fig. 1G).
These data indicated that resilient and susceptible male mice dis-
played increased FCM levels and despair behavior, but only susceptible
mice developed social avoidance, anhedonia and pronounced anxiety.

3.2. Knee arthritis-associated pain behavior was exacerbated and
prolonged in susceptible male mice

Psychosocial stress represents a risk factor for the aggravation and
chronicity of inflammatory diseases, including arthritis (Evers et al.,
2014; Johnson et al., 2019; Musich et al., 2019; Sawicki et al., 2020). In
male mice, we investigated the influence of RSDS on direct and
movement-related pain measures and joint swelling in a model of knee
arthritis induced by intra-articular K/C injection into the right knee
(Fig. 2A). Mice were divided into resilient or susceptible groups ac-
cording to their SI ratio (Fig. 2B).

RSDS by itself induced mechanical hypersensitivity in both resilient
and susceptible mice, indicated by a significant reduction of the post-
RSDS 60 % response threshold at both hindpaws versus controls and
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Fig. 2. Worsened and prolonged pain behavior associated with knee arthritis in susceptible male mice. (A) Scheme of the experimental protocol; RSDS
combined with the K/C model. After basal pain-related behavior measurements (von Frey, Hargreaves, Catwalk, wheel running), RSDS was applied for ten days,
followed by the SI test, pain-related behavior evaluation, arthritis induction with K/C injection into the right knee articular space, and further pain behavior analysis
at different post-injection time points. (B) SI ratio categorizing susceptible and resilient mice in the SI test (n = 29-34/group). (C) Mechanical sensitivity towards
graded von Frey filaments (60 % response threshold) at ipsilateral and contralateral hindpaws (n = 14-17/group). (D) Mechanical sensitivity at the ipsilateral
hindpaw, shown as the response frequency towards individual graded von Frey filaments at post-SDS, day eight and day 34 post-K/C injection (n = 14-17/group). (E)
Thermal sensitivity to radiant heat, measured with the plantar test apparatus as the withdrawal latency of the ipsilateral hindpaw (n = 5-9/group). (F) Gait analysis
showing the RH/LH ratio for stand duration (left panel) and swing duration (right panel) (n = 11-12/group). (G) Voluntary wheel running activity measured as total
run distance (n = 11-12/group). (H) A knee diameter (difference between the right and left knee diameter) along the antero-posterior and medio-lateral axes (n =
11-12/group). Data are expressed as mean + SEM with individual data points representing individual mice. P < 0.05 indicated by * compared to the respective saline
group, # compared to the control group, § compared to the resilient group; one-way ANOVA (B) or two-way repeated measures ANOVA (C-H) with Tukey-post-hoc-
test. In (C-H), statistically significant post-hoc differences are only indicated for K/C groups to simplify the readability of the data. See Supplemetal Table 1 for
further statistical information. ANOVA, analysis of variance; K/C, kaolin/carrageenan; LH, left hindpaw (contralateral); RH, right hindpaw (ipsilateral); RSDS, re-
Eetitive social defeat stress; SI, social interaction.

basal measurement (Fig. 2C; see Supplemental Table 1 for detailed was completely recovered by day 25 post-injection, except for a higher
statistical analysis of all result parts) and increased response frequency medio-lateral length in control K/C versus saline (Fig. 2H).
to vF filaments at this time-point (Fig. 2D, left panel). The mechanical Thus, RSDS promoted a long-lasting increase in mechanical sensi-
hypersensitivity persisted throughout the observation period (reduced tivity and a short-lasting decrease in wheel running activity without
60 % response threshold in saline stress groups) and was more pro- alteration of thermal sensitivity or gait in male mice. K/C injection in
nounced in susceptible compared to resilient mice (Fig. 2C). control male mice transiently induced joint swelling, mechanical and
Within one day after K/C injection, mechanical hypersensitivity thermal hypersensitivity, gait, and running activity impairment. Inter-
developed explicitly at the ipsilateral hindpaw of control mice and stress estingly, susceptible K/C male mice displayed exacerbated and longer-
groups compared to the respective saline groups and the post-RSDS (pre- lasting mechanical hypersensitivity, as well as prolonged gait alter-
injection) time-point (Fig. 2C). Contralateral paw sensitivity was not ations compared to control and resilient K/C male mice. However, the
further affected (Fig. 2C). The K/C-induced ipsilateral hypersensitivity duration and levels of joint swelling were comparable between all
was similar in control and resilient mice at all post-injection time-points groups.

(except day 25 post-K/C) and returned to pre-injection values at day 34
(Fig. 2C). In contrast, susceptible mice showed exacerbated ipsilateral 3.3. K/C-induced Mechanical hypersensitivity was prolonged but not

mechanical hypersensitivity, indicated by a significantly lower 60 % exacerbated in susceptible female mice
response threshold compared to controls (from day 8 to 34 post-K/C)
and resilient mice (day 14 and 34 post-K/C) (Fig. 2C) and increased Next, we repeated the same experimental procedures in female mice
response frequency to vF filaments compared to both groups (Fig. 2D, to assess potential sex differences and performed the most relevant tests
day 8). Interestingly, the K/C-induced mechanical hypersensitivity in associated with behavioral alterations in this model (Fig. 3A).
susceptible mice did not recover until day 34 post-K/C, as seen in control Female mice were separated into resilient and susceptible groups
and resilient mice (Fig. 2C; 2D, day 34). according to their SI ratio (Fig. 3B). We did not observe differences in
Thermal sensitivity was not affected by RSDS. The withdrawal la- FCM levels between groups (Fig. 3C). However, both resilient and sus-
tencies of all mouse groups were comparable between baseline and post- ceptible female mice showed increased anxiety-like behavior compared
RSDS time points (Fig. 2E). K/C injection increased heat sensitivity at to controls in the EZM test (Fig. 3D). Still, only susceptible female mice
the ipsilateral hindpaw of control mice versus the respective saline displayed increased anhedonia compared to control mice in the SP test
group at almost all post-injection time-points, except for days 14 and 34, (Fig. 3E).
and in susceptible mice at days 8 and 25, but not in resilient mice Following RSDS, resilient and susceptible female mice showed
(Fig. 2E). No significant differences were observed between K/C groups. similarly increased mechanical sensitivity, as the post-RSDS 60 %
An antalgic gait often accompanies arthritis (Angeby Moller et al., response threshold at both hindpaws of resilient and susceptible groups
2020). Therefore, we evaluated the walking patterns on the Catwalk. were reduced versus controls and basal measurement (Fig. 3F). The
RSDS did not affect the gait. All mouse groups showed similar hindpaw mechanical hypersensitivity was still present at day 1, but it did not
ratios (right hindpaw over left hindpaw, RH/LH) for stand (contact time persist throughout the observation period, since at the subsequent time-
with the floor) and swing (lifting time) at the post-RSDS time-point points susceptible and resilient mice (saline groups) had similar 60 %
(Fig. 2F). K/C-injection in control mice transiently reduced the ratio for thresholds than controls at both hindpaws, except for susceptible saline
stand duration on day 1 and increased the swing duration at days 1 and 6 (ipsilateral paw) at day 14 (Fig. 3F).
post-K/C (Fig. 2F). Resilient K/C mice showed only a delayed increase of Within one day after K/C injection, mechanical hypersensitivity
swing duration ratio at day 6 post-K/C (Fig. 2F). In contrast, susceptible developed at the ipsilateral hindpaw of control mice and further in stress
K/C mice displayed prolonged gait alterations: stand and swing duration groups compared to the respective saline groups (Fig. 3F). Contralateral
ratios were significantly different at day 1 and 6 post-K/C and returned paw sensitivity was not further affected (Fig. 3F). The K/C-induced
to pre-injection levels only at day 11 (Fig. 2F). ipsilateral hypersensitivity was similar in control and stress mice at all
RSDS by itself affected wheel-running activity. Resilient and sus- post-injection time-points (Fig. 3F). However, in resilient K/C group, it
ceptible groups run less than controls at the post-SDS time-point was only significant at post-K/C days 1 and 14 (Fig. 3F). Mechanical
(Fig. 2G). K/C injection transiently impaired the running activity in hypersensitivity recovered completely at day 34 in control and resilient
control mice at day 5 post-K/C. Resilient and susceptible mice did not mice, but not in susceptible mice, as indicated by the lower 60 %
show a further reduction in running distance following K/C injection response threshold (Fig. 3F, left panel) and the higher response fre-
(day 5) and normalized their running profile as control K/C mice at day quency to 0.16-1 g filaments (Fig. 3F, right panel) of the susceptible K/C
12 post-K/C (Fig. 2G). mice versus control and resilient K/C mice at day 34.
To assess arthritis-associated joint swelling, we measured the knee These results indicated that, similarly to male mice, the K/C-induced
diameter along the antero-posterior and medio-lateral joint axes. K/C mechanical hypersensitivity was prolonged in susceptible females,
injection induced similar joint swelling (displayed as the difference although its severity was not affected.

between right and left joint diameter) in all groups from day 1, which
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Fig. 3. Prolonged but not exacerbated K/C-induced mechanical hypersensitivity in susceptible female mice. (A) Scheme of the experimental protocol. After
basal von Frey measurements, RSDS was applied for ten days, followed by the analysis of FCM. Behavior was assessed on the following four subsequent days for social
avoidance with the SI test, anxiety-like behavior with EZM, anhedonia-like behavior with SP and post-RSDS mechanical sensitivity with von Frey. Arthritis was
subsequently induced by knee K/C injection, and further mechanical sensitivity analysis was performed with von Frey at different post-injection time points. (B) SI
ratio categorizing susceptible and resilient female mice in the SI test (n = 10-24/group). (C) FCM levels (n = 10-24/group). (D) Percentage of time spent in the open
arms of the EZM (n = 10-24/group). (E) Percentage of sucrose intake in the SP test (n = 10-24/group). (F) Mechanical sensitivity towards graded von Frey filaments
shown as 60 % response threshold at ipsilateral and contralateral hindpaws (left and middle panel, respectively; n = 5-13/group) and response frequency of the
ipsilateral hindpaw towards individual von Frey filaments at day 34 post-K/C injection (right panel; n = 5-13/group). Data are expressed as mean + SEM with
individual data points representing individual mice. P < 0.05 indicated by * compared to the respective saline group, # compared to the control group, § compared to
the resilient group; one-way ANOVA (B-E) or two-way repeated measures ANOVA (F) with Tukey-post-hoc-test. See Supplemental Table 1 for further statistical
information. ANOVA, analysis of variance; EZM, elevated zero maze; FCM, fecal corticosterone metabolites; K/C, kaolin/carrageenan; RSDS, repetitive social defeat
stress; SI, social interaction; SP, sucrose preference, vF, von Frey.

3.4. Circulating leukocyte and cytokine levels were differentially eosinophils and Ly6C'®" monocytes were unaltered (Fig. 4B). Interest-
regulated following RSDS and joint inflammation in control, resilient and ingly, these changes were transient in resilient mice (saline group), as
susceptible male mice the frequency of these cells returned to control levels at the subsequent
time-points (Fig. 4C, D), except for neutrophils, which were significantly

Bidirectional interactions between the peripheral immune system lower at day 35 compared to control saline mice (Fig. 4D). In contrast, in
and CNS are recognized to play a crucial role in stress-related disorders susceptible mice, the frequencies of B and T lymphocytes remained

and chronic pain (Ader et al., 1995; Cathomas et al., 2019; Geraghty significantly lower and neutrophils significantly higher on day 5
et al., 2021; Hodes et al., 2014; Niraula et al., 2018; Raison et al., 2006; (Fig. 4C), and B cell frequency lower than resilient saline mice at day 35
Sawicki et al., 2020; Wohleb et al., 2015). To analyze the effect of RSDS (Fig. 4D), with no further changes of other cell subtypes at these time-

on the peripheral immune system and its potential priming effect on points (Fig. 4C, D).

arthritis, we evaluated blood immune cell and cytokine profiles at Following arthritis induction, in control K/C mice, we observed only

different time points in male mice (Fig. 4A). a significant decrease of neutrophil frequency at day 35 post-injection
At the end of the stress protocol (day 12 post-RSDS), both resilient compared to control saline (Fig. 4D). Resilient K/C mice displayed

and susceptible mice showed significantly decreased B cells, a trend for decreased B and T cells and increased neutrophil frequencies at day 5

reduced T cells, and increased neutrophil and Ly6Chigh monocyte fre- post-injection (Fig. 4C) and increased Ly6Chigh monocyte frequency at

quencies compared to control mice (Fig. 4B). Frequencies of NK cells, day 35 post-injection (Fig. 4D) compared to resilient saline mice. In
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Fig. 4. Differential alterations of circulating leukocyte frequency following RSDS and joint inflammation in control, resilient and susceptible male mice.
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day 35 post-K/C (n = 6-10/group). Data are expressed as mean + SEM with individual data points representing individual mouse samples. P < 0.05 indicated by *
compared to the respective saline group, # compared to the control group, § compared to the resilient or susceptible group; one-way ANOVA (B) or two-way ANOVA
(C-D) with Tukey-post-hoc-test. See Supplemental Table 1 for further statistical information. ANOVA, analysis of variance; FACS, fluorescence-activated cell sorting;
K/C, kaolin/carrageenan; NK, natural killer cells; RSDS, repetitive social defeat stress; SI, social interaction.

contrast, susceptible K/C mice showed significantly lower NK cell fre-
quency compared to susceptible saline at days 5 (Fig. 4C) and 35 post-KC
(Fig. 4D), higher Ly6C"8" monocyte frequency compared to susceptible
saline and control K/C at day 5 post-injection (Fig. 4C) and higher

neutrophil frequency than control K/C at day 35 post-injection (Fig. 4D).

Summarizing, RSDS induced similar changes in specific blood
leukocyte subtypes in resilient and susceptible male mice. These changes
were transient but lasted longer in susceptible than in resilient male
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mice and, thus, may have contributed to the aggravated pain-related
behavior in these mice. Joint inflammation further regulated blood
cell frequency, with NK cells, neutrophils, and Ly6C"#" monocytes being
the most differentially modulated between control and RSDS groups.

Additionally, cytokine levels were measured in plasma (Supple-
mental Table 2). At day 12 post-RSDS, interleukin (IL)-6 and IL-17A
were significantly increased in both resilient and susceptible mice,
whereas IL-1a, IL-10, IL-12, IL-23 and GM-CSF were increased only in
resilient mice, and IL-27 decreased only in susceptible mice (Supple-
mental Table 2). At day 5, IL-10, IL-17A and IL-22 levels remained
higher in resilient saline mice, while none of the cytokines was altered in
susceptible saline mice (Supplemental Table 2). Likewise, at day 35,
resilient saline mice showed higher IL-10 and IL-17F levels (Supple-
mental Table 2). In contrast, susceptible saline mice displayed lower IL-
12 and IL-27, and higher IL-17A levels (Supplemental Table 2).

K/C injection differentially regulated the circulating cytokines in
control and RSDS groups. In control K/C mice, tumor necrosis factor
(TNF)-a was the only cytokine significantly upregulated at day 5,
whereas IL-12 was downregulated and IL-27 upregulated at day 35
(Supplemental Table 2). Interestingly, arthritis induction did not affect
cytokine levels in resilient mice. Like the resilient saline group, resilient
K/C showed higher IL-10 levels at day 35 post-injection (Supplemental
Table 2). In contrast, susceptible K/C mice displayed not only higher
TNF-a levels like controls K/C but also higher IL-6 levels at day 5, and
higher IL-12 and IL-22, and lower IL-27 levels at day 35 post-K/C
(Supplemental Table 2).

Overall, among the RSDS-regulated cytokines, IL-10 was consistently
higher in resilient male mice throughout the observation period, sug-
gesting a potential role of this anti-inflammatory cytokine (Molnar et al.,
2021) in regulating pain behavior in these mice. Conversely, the pro-
inflammatory IL-6 (Molnar et al., 2021) might contribute to the me-
chanical hypersensitivity in RSDS groups and exacerbated pain in sus-
ceptible male mice following arthritis induction at the early stage. IL-12
and IL-27 might be more involved at the late arthritis stage, as they were
differentially regulated in control, resilient and susceptible male mice at
the late time-point.

Furthermore, we measured FCM levels at days 7 and 33 post-K/C
injection but did not observe significant changes between the groups
(Supplemental Table 3). This indicated that the regulation of circulating
immune cells and cytokines at the post-K/C stages was independent of
corticosterone modulation.

3.5. The density of neutrophils and macrophages in the inflamed knee
joint synovium was increased in male susceptible mice

We performed histological analysis of the right knee joints in male
mice at the end of the experiments (day 35 post-K/C injection) to assess
the grade of cartilage alterations and synovial inflammation promoted
by K/C, as a potential source for the behavioral differences at the late
arthritis stage.

However, we did not find any difference between the groups con-
cerning cartilage alterations (Fig. 5A). Despite the recovery of all pain-
related alterations in control and resilient mice at this late time-point
(Fig. 2), all K/C groups similarly showed a higher inflammation score,
globally reflected by increased thickness of the synovial lining layer and
cellularity, compared to the respective saline groups (Fig. 5B).

Nevertheless, we further examined the synovium of male mice at day
35 post-K/C injection for the presence of neutrophils and macrophages,
the cells involved in synovial inflammation, and associated with wors-
ening osteoarthritis progression and pain (Hsueh et al., 2021).

The percentage of neutrophils (Ly6G positive cells) was comparable
among all saline groups, but it was significantly increased in resilient
and susceptible K/C (not in control K/C), being higher in susceptible K/
C compared to control K/C (Fig. 5C). This indicated that RSDS did not
affect the basal levels of neutrophils in the synovium in male mice. Still,
it induced a higher density of these cells in the context of joint
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inflammation.

The percentage of macrophages (F4/80 positive cells) was unex-
pectedly increased in the RSDS saline groups only in resilient mice.
Following K/C injection, it was increased in control and susceptible K/C
but not further regulated in resilient K/C group (Fig. 5D). Interestingly,
it was significantly higher in susceptible K/C compared to control K/C
mice (Fig. 5D).

The levels of immune cells and cytokines were also analyzed in the
synovial fluid from knee joints of male mice at day 35 post-K/C injection
to investigate whether local changes in immune parameters were asso-
ciated with the observed differences in pain between groups (Fig. 5E and
Supplemental Table 4).

RSDS did not induce major changes in synovial fluid leukocyte fre-
quencies (Fig. 5E). However, in the RSDS saline groups only resilient
mice showed a significantly higher frequency of NK cells (Fig. 5E).
Except for a significant increase of Ly6C'®" frequency in resilient K/C,
none of the cells was significantly altered by K/C injection in the other
groups (Fig. S5E).

Analysis of synovial fluid cytokines revealed that IL-2, IL-12, IL-13,
IL-17F, IL-22 and TNFa were differentially regulated in the synovial
fluid of RSDS saline groups compared to the control saline group (Sup-
plemental Table 4). Following K/C injection, the only cytokine affected
in controls was IL-12, being significantly lower compared to saline mice
(Supplemental Table 4). Similar lower IL-12 levels were also present in
resilient K/C. In contrast, IL-12 levels were already low in susceptible
mice independently from K/C injection (Supplemental Table 4). More-
over, resilient K/C mice showed significantly higher levels of IL-27,
MCP-1 and GM-CSF, as well as lower IL-22, IL-17F, and TNFu levels
versus resilient saline mice having significantly higher levels of these
cytokines (Supplemental Table 4). Susceptible K/C mice only showed
significantly lower IL-2, IL-22 and TNFu levels versus susceptible saline
having higher levels of these cytokines (Supplemental Table 4).

3.6. Microglia expression and monocyte infiltration were increased in the
rACC of susceptible male mice following joint inflammation

Following RSDS, peripheral monocytes infiltrate specific brain areas
and interact with other immune mediators to regulate neuro-
inflammation and promote RSDS-associated behavioral alterations
(Calcia et al., 2016; Cathomas et al., 2019; McKim et al., 2018; Nie et al.,
2018; Wohleb et al., 2015). Therefore, we next investigated brain neu-
roinflammation by assessing microglia expression and monocyte infil-
tration directly after RSDS exposure (day 12) and at the late time point
(day 35) after K/C injection in male mice. We focused on the rACC, PrL
and IL areas (Fig. 6A), which are associated with RSDS (McKim et al.,
2018; Nie et al., 2018) and pain processing (Kummer et al., 2020; Ser-
afini et al., 2020), also during arthritis (Abe et al., 2022).

RSDS induced an increase of microglia expression in these brain re-
gions, as indicated by higher fluorescence intensity of the Iba-1 marker
inresilient and susceptible male mice in the right and left hemispheres of
rACC, PrL and IL regions at day 12 post-SDS (Fig. 6B). However, this
RSDS-induced change was transient because at day 35 post-injection the
fluorescence intensity was similar in all saline groups in these regions
(Fig. 6C). Interestingly, K/C injection induced increased microglia
expression at this time-point only in susceptible, but not in control and
resilient male mice, in both right and left rACC, PrL and IL (Fig. 6C).

Moreover, RSDS induced infiltration of CD45-positive cells (Fig. 7A),
a marker enriched on and used for visualization of monocytes/macro-
phages in the CNS (McKim et al., 2018; Nie et al., 2018; Sawicki et al.,
2019; Torres-Platas et al., 2014; Zhang et al., 2014, 2012), only in the
rACC of susceptible male mice, but not PrL and IL (Fig. 7B). This change
was also transient. At day 35 post-injection, CD45-positive cell numbers
were similar in all saline groups in the three regions analyzed (Fig. 7C).
Notably, K/C injection increased CD45-positive cell number at this time-
point only in susceptible male mice in both rACC sides, but not in PrL
and IL (except for higher CD45-positive cell number in the right IL as
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Fig. 5. Increased density of neutrophils and macrophages in the inflamed knee joint synovium of susceptible male mice. Representative images and
quantification of right knee joint coronal sections at day 35 post-K/C stained with (A) Safranin-O-Fast green to grade cartilage alterations (n = 4-6/group), (B)
Hematoxylin-Eosin to assess synovial inflammation (n = 4-6/group), (C) Ly6G marker to measure synovial neutrophil infiltration (n = 4-5/group) and (D) F4/80
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respective saline group, # compared to the control group; two-way ANOVA. See Supplemental Table 1 for further statistical information. Scale bar: 200 um in (A) and
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Fig. 6. Increased microglia expression in rACC, PrL and IL following joint inflammation in susceptible male mice. (A) Schematic illustration of one of the
representative brain coronal sections used for Iba-1 immunostaining in rACC, PrL and IL areas. The black box drawn in each brain area depicts the ROI used to
quantify the staining. (B-C) Representative images and quantification (mean intensity) of Iba-1 immunostaining in the right and left sides of rACC, PrL and IL at day
12 post-SDS (B, n = 3-4/group) and day 35 post-K/C injection (C, n = 3-5/group). Data are expressed as mean + SEM with individual data points representing
individual mouse samples. P < 0.05 indicated by * compared to the respective saline group, # compared to the control group; § compared to the resilient group; one-
way ANOVA (B) or two-way ANOVA (C) with Tukey-post-hoc-test. See Supplemental Table 1 for further statistical information. Scale bar: 50 um. ANOVA, analysis of
variance; IL, infralimbic area; K/C, kaolin/carrageenan; PrL, prelimbic area; rACC, rostral anterior cingulate cortex; ROI, region of interest; sal, saline.
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compared to resilient K/C) (Fig. 7C).

These results indicated that RSDS induced transient changes in
microglia expression in rACC, PrL and IL in both resilient and susceptible
male mice, which coincided with the selective monocyte infiltration of
rACC specifically in susceptible male mice. In contrast, K/C promoted
changes in these markers only in susceptible male mice at the late stage
post-injection, suggesting the potential involvement of microglia- and
monocyte-associated neuroinflammatory mechanisms in the aggravated
pain of these mice following joint inflammation.

Next, we investigated whether the changes in microglia expression
and monocyte infiltration in the rACC of male mice were associated with
alterations of neuronal activity, by staining for AFosB as a marker of
sustained neuronal activation directly after RSDS and at day 35 post-K/C
injection (Supplemental Fig. 2).

RSDS induced a decrease of neuronal activity of rACC in resilient
mice at day 12 post-SDS, indicated by a lower AFosB-positive cell count
on both sides of rACC (Supplemental Fig. 2A). In contrast, susceptible
mice showed a trend towards an upregulation (Supplemental Fig. 2A).
At day 35 post-injection, AFosB-positive cell counts were comparable
between resilient and control saline mice, but significantly increased in
susceptible saline mice in the left rACC (Supplemental Fig. 2B). K/C
injection did not have a major effect on rACC neuronal activity in control
and resilient mice, but, interestingly, susceptible K/C mice showed
significantly lower AFosB-positive cells in the right and left rACC
compared to susceptible saline mice (Supplemental Fig. 2B).

This indicated that RSDS promoted a short-lasting deactivation of
rACC in resilient male mice but had long-term effects in susceptible male
mice, promoting a higher neuronal activation of the left rACC, which
was completely reverted by K/C injection. This compensatory change
might have a potential role in pain modulation.

3.7. No major changes in blood cell frequency, rACC microgliosis and
monocyte infiltration following RSDS and joint inflammation in female
mice

We assessed the levels of circulating immune cells and cytokines, and
microglial and monocyte immunoreactivity in the rACC of female mice
to further investigate potential sex differences in these immunological
parameters following RSDS and joint inflammation.

No changes in the different blood immune cells were found at day 12
post-RSDS or days 5 and 35 post-K/C in female mice (Fig. 8A, Supple-
mental Table 5), except a significant decrease of the eosinophil fre-
quency in both resilient and susceptible mice compared to controls at
day 12 post-RSDS (Fig. 8A). We also analyzed in female mice the cyto-
kines which were mainly regulated in males and found a different
pattern of changes (Supplemental Table 6). At day 12 post-RSDS, IL-27,
IFN-p and MCP-1 significantly decreased in resilient and susceptible
mice, whereas IL-23 and TNF-a were only reduced in susceptible versus
control mice (Supplemental Table 6). At day 5 post-K/C, IFN-p was
significantly increased in control K/C compared to control saline and
both resilient and susceptible K/C mice (Supplemental Table 6). At this
time-point, IL-1f levels were also lower in resilient and susceptible K/C
groups than in control K/C group, and IL-23 and IL-27 were lower in
resilient K/C compared to resilient saline and control K/C, respectively
(Supplemental Table 6). Additionally, at day 35 post-K/C, control K/C
mice showed higher levels of IL-10 and IL-12 than control saline and
both resilient and susceptible K/C mice (Supplemental Table 6).

At the ipsilateral joint level, neutrophil density was increased in the
synovium of susceptible K/C female mice compared to susceptible sa-
line, and to control and resilient K/C mice, for which the neutrophil
density was similar to that of their respective saline groups (Fig. 8B). In
contrast, macrophage density was increased in the synovium of all K/C
control, resilient and susceptible groups compared to their respective
saline groups and was significantly higher in susceptible K/C mice
compared to both control and resilient K/C mice (Fig. 8C).

Conversely, microglia expression (Fig. 8D) and the number of CD45
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positive cells (Fig. 8E) in both right and left sides of the rACC were
similar in all the female groups, independently of the stress phenotype
and injection.

Taken together, these results indicated that, besides similar alter-
ations in neutrophil and macrophage densities at the joint level, female
mice did not show any changes observed in male mice in any of the
immune cells and cytokines analyzed in the blood, nor microgliosis or
infiltration of monocytes in the rACC.

3.8. Early phase depletion of Ly6Chigh monocytes abrogated mechanical
hypersensitivity of susceptible male mice at the late arthritis stage

We next examined the effect of depleting blood Ly6Chigh monocytes
during the early phase of arthritis in male mice to investigate the
functional role of these cells in the development and course of the
behavioral alterations associated with RSDS and arthritis in these mice.
Following RSDS and starting the day before arthritis induction, we daily
injected the mice with the rat anti-mouse CCR2 antibody MC-21 or its
IgG isotype control for five days (Fig. 9A). CCR2 is the receptor for CCL2,
which is expressed by Ly6C'" but not Ly6C'®" monocytes, and it is
necessary for Ly6C8" monocyte recruitment from bone marrow (Briihl
et al., 2007). All arthritic (K/C) control, susceptible and resilient mice
were tested. Control and susceptible groups were represented in Fig. 9
(see Supplemental Fig. 3 for resilient groups).

One day after the end of the antibody treatment (day 4 post-K/C), we
observed a robust reduction of blood Ly6C"*#" monocytes frequency in
all mice treated with MC-21 compared to IgG (Fig. 9B, Supplemental
Fig. 3A, Supplemental Table 7). Susceptible and resilient mice treated
with IgG presented also lower Ly6Chigh monocytes frequency than IgG
treated controls (Fig. 9B, Supplemental Table 7). Moreover, NK cell
frequency was reduced in susceptible and resilient mice and neutrophil
frequency increased only in susceptible mice treated with MC-21
compared to IgG treatment, as a possible compensatory effect. In
contrast, the other analyzed cell types were unaffected (Supplemental
Table 7). IL-6 blood levels after MC-21 treatment were also increased in
controls, as previously reported (Briihl et al., 2007), but decreased in
susceptible mice (Supplemental Table 8).

Antibody treatment did not affect the development of mechanical
hypersensitivity following arthritis induction (Fig. 9C, Supplemental
Fig. 3B). Both control and susceptible K/C groups treated with either
MC-21 or IgG displayed similarly reduced 60 % response thresholds at
the ipsilateral hindpaw on day 1 and 5 post-K/C injection compared to
basal and post-RSDS time-points (Fig. 9C). The response frequencies
after the treatment (day 5 post-K/C) were also similar between groups,
except for increased response frequency to filament 0.16 g in susceptible
IgG compared to control IgG mice (Fig. 9C).

The K/C-induced ipsilateral hypersensitivity in both IgG and MC21
control groups decreased by day 25 as compared to the susceptible
groups and returned to pre-injection values at day 34, same as for
resilient groups (Fig. 9C, Supplemental Fig. 3B). Interestingly, me-
chanical hypersensitivity recovered at day 34 in susceptible mice only in
those treated with MC-21 (Fig. 9C). In contrast, susceptible IgG mice still
displayed lower 60 % response threshold and higher response frequency
at this time-point in comparison with control IgG and susceptible MC-21
treated mice (Fig. 9C).

At day 35 post-K/C, MC-21 control mice displayed lower NK cell (vs.
IgG controls) and higher eosinophil (vs. IgG control and MC-21 stress
groups) and Ly6Chigh cell frequencies (vs. MC-21 stress groups), despite
the absence of behavioral differences between IgG and MC-21 treated
control mice (Supplemental Table 7). In contrast, MC-21 treated sus-
ceptible mice showed increased B cell and decreased Ly6C'®" cell fre-
quencies compared to the respective control and resilient groups
(Supplemental Table 7) and decreased blood levels of IL-12 compared to
IgG susceptible mice at this latest time-point (Supplemental Table 8).

At the joint level (day 35 post-K/C), the density of synovial neutro-
phils was higher in susceptible mice compared to controls without
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Fig. 9. Early phase depletion of Ly6C"8" monocytes abrogated the mechanical hypersensitivity of susceptible male mice at the late arthritis stage. (A)
Scheme of the experimental protocol. After basal vF measurements, RSDS was applied for ten days, followed by the SI test and post-RSDS vF measurements. The
antibody treatment (MC-21 or control IgG, i.p.) started one day before arthritis induction (intra-articular K/C injection) and lasted 5 days (from day 13 to day 17),
followed by blood collection on day 18 for FACS analysis. Additional vF measurements were taken at different post-K/C injection time points. (B) Relative fre-
quencies of Ly6C'&" monocytes, calculated as the percentage of total CD45 + cells in peripheral blood at day 18 post-RSDS (n = 4-7/group). (C) Mechanical
sensitivity towards graded vF filaments shown as 60 % response threshold over different time points (left panel) and response frequency to individual vF filaments at
day 5 (middle panel) and day 34 post-K/C (right panel) at the ipsilateral hindpaw (n = 4-7/group). Representative images and quantification of right knee joint
coronal sections at day 35 post-K/C stained with (D) Ly6G marker to measure synovial neutrophil density and (E) F4/80 marker to measure synovial macrophage
density (n = 3-4/group). Representative images and quantification of (F) Iba-1 immunostaining (mean intensity) and (G) number of infiltrating CD45-positive
monocytes per area (mm?) in the right and left sides of rACC at day 35 post-K/C injection (n = 3-5/group). Data are expressed as mean + SEM with individual
data points representing individual mice. P < 0.05 indicated by * compared to the respective IgG group, # compared to the control group; two-way ANOVA (B, D-G)
or two-way repeated measure ANOVA (C) with Tukey-post-hoc-test. See Supplemental Table 1 for further statistical information. Scale bar: 100 pm in (D) and (E),
200 pm in magnified images in (D) and (E), 50 pm in (F) and (G). ANOVA, analysis of variance; K/C, kaolin/carrageenan; rACC, rostral anterior cingulate cortex;
RSDS, repetitive social defeat stress; SI, social interaction; vF, von Frey.

<
<

significant changes by MC-21 treatment (Fig. 9D). Synovial macro- reported to be mediated by neuroinflammation in the spinal cord and
phages were higher in susceptible mice than in controls (Fig. 9E). MC-21 brain (Bravo-Tobar et al., 2021; Piardi et al., 2020; Sawicki et al., 2018,
treatment reduced the number of synovial macrophages in susceptible 2019; W. Wang et al., 2022).
mice but not in controls (Fig. 9E). Susceptible and resilient mice also displayed comparable short-
Interestingly, microglia density and monocyte infiltration in the right lasting reductions in voluntary wheel running activity, as previously
and left sides of rACC were higher in susceptible mice compared to reported (M. Pagliusi et al., 2020). In contrast, susceptible mice showed
controls (Fig. 9F and G). Treatment with MC-21 significantly reduced lower performances than control and resilient mice following wheel
both parameters in susceptible mice but not in controls (Fig. 9F and G). running training over several days or on an accelerating rotarod (Gellner
No changes were observed at the joint or rACC levels between IgG et al., 2022; M. Pagliusi et al., 2020). This impairment was associated
and MC-21 treated resilient mice (Supplemental Fig. 3C, D, E, F). with disrupted dendritic spine dynamics and neuroinflammation in the
Thus, Ly6Chigh monocyte depletion with MC-21 treatment during the motor cortex (Gellner et al., 2022). We avoided training because it
initiation phase of arthritis abrogated the mechanical hypersensitivity of prevents RSDS-induced social avoidance and mechanical hypersensi-
susceptible male mice at the late arthritis stage and reduced the asso- tivity (M. Pagliusi et al., 2020) and promotes resilience (Mul et al.,
ciated changes in microglia and monocyte infiltration in the rACC of 2018).
these mice. Although differences in gait patterns between depressed and healthy
individuals were described (Adolph et al., 2021; Wang et al., 2021),
4. Discussion RSDS did not affect gait parameters in our study.

This study showed that arthritis-associated hypersensitivity was
exacerbated and prolonged in stress susceptible male mice, involving
peripheral and central inflammatory responses. Ly6Chigh monocytes had
a crucial role in the long-lasting behavioral and immunological alter-
ations of susceptible male mice. Their depletion in the blood during the
initiation phase of arthritis promoted pain recovery at the late arthritis
stage, coinciding with the abolishment of the central inflammatory re-
sponses. In contrast, the persistence of arthritis-induced pain in sus-
ceptible female mice was not associated with major changes in
circulating immune cells nor central microglial or monocyte alterations.
This suggested different mechanisms underlying the stress-induced
chronicity of inflammatory joint pain in male and female mice.

4.2. RSDS effects on arthritis in male mice

The intra-articular K/C injection, mimicking the acute inflammatory
phase of osteoarthritis (Neugebauer, 2007; Neugebauer et al., 2007),
induced transient joint swelling, mechanical and thermal hypersensi-
tivity lasting longer than alterations in gait and running activity. Similar
temporal alterations were observed in other inflammatory models (Nees
et al., 2023; Pitzer et al., 2016).

RSDS prolonged mechanical hypersensitivity following plantar mild
inflammation (Piardi et al., 2020) or incision (W. Wang et al., 2022) and
lumbar disk herniation (Yomogida et al., 2020), without distinguishing
between resilient and susceptible mice. In our study, susceptible K/C
mice displayed exacerbated and prolonged mechanical hypersensitivity

4.1. RSDS model and behavior in male mice and gait alterations compared to control and resilient mice. Although
resilient K/C mice showed similar mechanical hypersensitivity as con-
RSDS has been extensively used for its high face validity, recapitu- trols, their gait patterns were minimally affected compared to control
lating many stress-induced immune and behavioral outcomes (Cath- and susceptible mice. This suggested that resilient mice could perceive
omas et al., 2019; Golden et al., 2011; Scarpa et al., 2020; Weber et al., less pain/ discomfort from touching the floor with the inflamed hind
2017). Here, resilient and susceptible male mice displayed typical limb while walking. We did not observe further impairment of voluntary
changes of chronic stress exposure, i.e., increased despair behavior and wheel running activity after arthritis induction in RSDS groups, which
FCM levels. In contrast, only susceptible mice developed social avoid- could have been influenced by the motivational/rewarding effects of
ance, anhedonia and reliable anxiety, similar to previous studies (Bravo- this task (Greenwood and Fleshner, 2019).
Tobar et al., 2021; Krishnan et al., 2007; Menard et al., 2017; Okamura In humans, stress vulnerability factors like worrying predicted the
et al., 2022). While social avoidance and anhedonia have been reliably course of pain and functional disability associated with arthritis (Evers
associated with RSDS susceptibility as correlates of depression (Cath- et al., 2014). In contrast, resilient factors were associated with reduced
omas et al., 2019; Krishnan et al., 2007), assessing anxiety and despair pain severity (Johnson et al., 2019; Musich et al., 2019).
behaviors has provided less consistent results (Bravo-Tobar et al., 2021; Consistent with the poor correlation between structural pathology
Krishnan et al., 2007; Li et al., 2019; Murra et al., 2022; Okamura et al., and pain experienced by osteoarthritis patients (Astephen Wilson et al.,
2022; W. Wang et al., 2022; Xu et al., 2021). 2017; Finan et al., 2013), the distinct pain behavior between control,
Additionally, both stress groups showed persistent mechanical but susceptible and resilient mice was not related to joint swelling, cartilage
not thermal hypersensitivity, in agreement with previous studies (Marco damage or global synovial inflammation levels. This discrepancy sup-
Pagliusi et al., 2020; Pagliusi et al., 2018; Piardi et al., 2020; Sawicki ports the idea that arthritic pain is not just the result of local inflam-

et al., 2018, 2019; Xu et al., 2021). RSDS-induced hypersensitivity was mation but other systemic or CNS-related mechanisms play a role.
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4.3. RSDS and arthritis effects on circulating immune cells in male mice

Repeated stress exposure activates the HPAA leading to increased
release of corticosterone (Raison et al., 2006), in agreement with the
increased FCM levels measured at the end of RSDS in males. Prolonged
corticosterone release induces glucocorticoid resistance, causing
increased recruitment of peripheral myeloid cells and pro-inflammatory
cytokine release (Cathomas et al., 2019; Davis et al., 2009; Hodes et al.,
2014; Niraula et al., 2018; Raison et al., 2006) and shifting immune
signaling toward a pro-inflammatory state (Weber et al., 2017). Here,
RSDS reduced B and T cells and increased neutrophil and Ly6Chigh
monocytes in resilient and susceptible mice, as previously shown (Ishi-
kawa et al., 2020; Pfau et al., 2019).

Importantly, we showed that these changes were transient and lasted
longer in susceptible than in resilient mice. The protracted reduction of
B and T cells only in susceptible mice in our study matched the finding
that lymphocytes confer resilience (Brachman et al., 2015). Notably,
while neutrophils persisted increased in susceptible, they decreased in
resilient mice at the end of the observation period. Higher neutrophil
levels were also found one week after the end of a shorter RSDS version
and were higher in the BALB/c susceptible mouse strain than in
C57BL6/N (Ishikawa et al., 2020). The role of neutrophils in depression
is emerging, as systemic infection promotes neutrophil$ migration to the
brain and causes depressive-like behaviors (Aguliar-Valles et al., 2013;
Kong et al., 2021). Also, monocytes are critical in stress-induced
depressive disorders and are subjected to a transient regulation (Leh-
mann et al., 2022; Weber et al., 2017).

Joint inflammation induced further changes in blood cell frequency,
with neutrophils and Ly6C8" monocytes being the most differentially
modulated between control and RSDS groups. K/C injection did not
cause significant changes in control mice, except a decrease of neutro-
phil frequency at day 35, which might correspond to a compensatory
mechanism to potentially reduce their synovium infiltration, contrib-
uting to pain recovery. In contrast, the post-K/C injection changes of
resilient mice in B and T cells, neutrophils and Ly6Chigh monocytes
corresponded to the transient changes that these mice showed before
arthritis induction (end of RSDS). This suggested that the pathways
regulating these cells remained primed in resilient mice and were
reactivated by arthritis induction.

Interestingly, susceptible K/C mice had significantly lower NK cell
frequency at days 5 and 35 post-KC, in agreement with previous studies
showing decreased or fluctuating NK cell levels in depressed individuals
and arthritis, respectively (Ader et al., 1995; Wu et al., 2022). Higher
Ly6C"8" monocyte frequency in susceptible K/C at day 5 post-injection
might contribute to their exacerbated pain. Indeed, Ly6Chigh monocytes
are recruited into the inflamed joint in response to chemokines and
differentiate in inflammatory macrophages (Cremers et al., 2017). These
cells release various mediators, leading to increased nociceptor excit-
ability and hypersensitivity to pain stimuli (Geraghty et al., 2021). The
Ly6CMe" cell increase at day 5 post-K/C coincided with higher Ly6C!o"
levels in susceptible K/C, possibly as a compensatory mechanism pro-
moting anti-inflammatory macrophage differentiation. However, the
early phase depletion of Ly6Chigh cells did not affect the development of
mechanical hypersensitivity or the response thresholds, indicating that
these cells are not the only ones involved at this stage. Moreover, this
coincided in susceptible mice with other compensatory changes occur-
ring in circulating NK cells and neutrophils, which could have partici-
pated in maintaining the hypersensitivity (Ghasemlou et al., 2015). In
contrast, monocyte depletion promoted pain recovery at the late stage in
these mice and was associated with Ly6C'®" decrease once the resolution
had occurred.

4.4. RSDS and arthritis effects on circulating cytokines in male mice

The immune system communicates with the CNS via cytokines
released by activated immune cells, thereby influencing behavior (Ader
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et al., 1995). Increased C-reactive protein and pro-inflammatory cyto-
kines levels were described in depressed patients (Himmerich et al.,
2019). We showed that the levels of several cytokines, including IL-6, IL-
10, IL-12, IL-17A and IL-27, were altered following RSDS and were
differentially regulated over time. All here reported cytokines have been
implicated in stress response and depression (Elgellaie et al., 2023;
Elkhatib et al., 2022; Harsanyi et al., 2023; Himmerich et al., 2019;
Serna-Rodriguez et al., 2022). Among these, IL-6 is a strong indicator of
stress and stress-induced psychiatric disorders, is elevated in depressive
patients and predicts RSDS susceptibility when measured before RSDS
(Gallagher et al., 2019; Harsanyi et al., 2023; Hodes et al., 2014; Nasca
et al., 2019). However, IL-6 is an acute-phase protein regulated by the
HPAA. Its induction is corticosterone-dependent (Niraula et al., 2018)
and, therefore, was equally increased in resilient and susceptible mice
immediately after RSDS, but not later. IL-17A levels, although similarly
increased at the beginning in both RSDS groups, were higher at the latest
time-point only in susceptible mice. High circulating IL-17A levels
represent a clinical marker for depressed patients, especially the non-
responders to antidepressant therapy (Harsanyi et al., 2023). IL-17 in-
duces neutrophil expansion and mobilization (Ishikawa et al., 2020), in
agreement with the higher neutrophil blood frequency in susceptible
mice at late stages. The higher IL-17 levels in susceptible mice matched
the simultaneous lower IL-27 levels. Accordingly, IL-27 can inhibit the
generation of IL-17-producing T cells (Tyl7) (Stumhofer et al., 2006).
Notably, IL-17 and Tyl7 cells have been heavily implicated in depres-
sion and inflammatory or autoimmune diseases (Elkhatib et al., 2022;
Kim et al.,, 2021; H. Wang et al.,, 2022). Interestingly, the anti-
inflammatory IL-10 was consistently higher in resilient mice across
time as an inherent compensatory immune response to stress, in
agreement with the reduced or increased levels of this cytokine in
depressed patients or after anti-depressant treatment, respectively
(Harsanyi et al., 2023; Serna-Rodriguez et al., 2022). Moreover, IL-10 is
post-transcriptionally regulated by the monocyte-derived micro-
RNA106b ~ 25 associated with resilience (Pfau et al., 2019). Its levels
are also inversely correlated with osteoarthritis disease (Molnar et al.,
2021).

Besides regulating the neuroendocrine function by interacting with
the HPAA, pro-inflammatory cytokines control neurotransmitter meta-
bolism and signaling (Himmerich et al., 2019), thereby influencing
emotional-like behavior and pain, in agreement with the hypersensi-
tivity shown by the RSDS mice. Pro-inflammatory cytokines directly
activate and sensitize nociceptors, and modulate excitatory synaptic
transmission at central terminals (Sawicki et al., 2020). The RSDS-
induced inflammatory environment, especially in susceptible mice,
could have further switched nociceptor properties, a process called
hyperalgesic priming (Piardi et al., 2020), rendering them more sensi-
tive to subsequent inflammatory insults, which in our case is represented
by arthritis induction, leading to exacerbated pain.

Following K/C injection, susceptible mice displayed higher levels of
TNF-a, like controls K/C, and IL-6, which can be released by monocytes
(Hodes et al., 2014), in agreement with the decreased IL-6 levels
observed after monocyte depletion in these mice. Both cytokines are
known modulators of nociceptor activity and pain sensitization and are
highly involved in arthritis (McInnes and Schett, 2007; Molnar et al.,
2021). Their high blood concentration predicted disease severity (Mol-
nar et al., 2021) and was found in early osteoarthritis stages (Alonso-
Castro et al., 2015; Barker et al., 2014), consistent with our study.
Moreover, pain patients treated with inhibitors of IL-6 demonstrated
reduced pain and improved mood symptoms (Sawicki et al., 2020).

Interestingly, at the late arthritis stage, susceptible K/C also showed
higher IL-12 and IL-22 levels, and lower IL-27 levels compared to control
K/C showing an opposite regulation of these cytokines. IL-12 levels were
elevated in arthritis patients with psychiatric comorbidities (Himmerich
et al., 2019) and correlated with disease severity (Pope and Shahrara,
2013), consistent with the decreased IL-12 levels observed here after
monocyte depletion. Contrary to elevated IL-22 levels in susceptible K/C



C. La Porta et al.

mice, no changes in IL-22 concentration were observed in control K/C or
in osteoarthritis patients serum (Molnar et al., 2021). Instead, the
opposite regulation of IL-27 in control and susceptible K/C mice suggests
that its increase might be associated with pain recovery at the late stage.
IL-27 limits neutrophil recruitment, reduces IL-6 and IL-12 secretion
(Jafarzadeh et al., 2020), and positively correlates with macrophage
presence in arthritis synovium (Hsueh et al., 2021), in line with the
observed changes at day 35 post-K/C in control mice.

4.5. RSDS and arthritis effects on synovial fluid and tissue in male mice

Blood cell and cytokine changes were not reflected at the synovial
fluid level at the late arthritis stage. Alterations in synovial fluid immune
cells recovered one week after arthritis induction in another model
(Benigni et al., 2017). The increased density of synovial neutrophils and
macrophages in susceptible mice at the late arthritis stage may
contribute to the prolonged hypersensitivity. Synergistic roles of mac-
rophages and neutrophils in human osteoarthritis severity and pro-
gression were described (Haraden et al., 2019; Hsueh et al., 2021).
However, few clinical and rodent studies have addressed how macro-
phages and neutrophils influence pain severity (Bai et al., 2022; Ger-
aghty et al., 2021; Hsueh et al., 2021; Raghu et al., 2017; Valdrighi et al.,
2022). Macrophages, neutrophils and nociceptors mutually influence
each other by releasing different mediators (e.g., cytokines, chemokines,
alarmins, elastases, neuropeptides), maintaining a pro-inflammatory
milieu (Valdrighi et al., 2022).

While macrophages were localized to arthritic synovial tissue and
fluid, neutrophils were predominantly localized to synovial fluid (Hsueh
et al., 2021). Studies in other arthritis models and humans demonstrated
that macrophages are derived from infiltrating monocytes (Cremers
et al., 2017; Raghu et al., 2017), although tissue-resident macrophages
also expand during inflammation resolution (Geraghty et al., 2021). In
agreement, macrophage synovial density returned to control levels in
susceptible K/C mice after monocyte depletion, whereas neutrophil
density was not affected, as previously shown (Briihl et al., 2007).

The immune regulation in our model combining RSDS and arthritis
was not associated with FCM changes. Accordingly, no consistent al-
terations in HPAA were found in arthritis patients exposed to stress
(Davis et al., 2009; De Brouwer et al., 2014; Evers et al., 2014) and
HPAA activity returned to homeostatic levels at the end of RSDS (Leh-
mann et al., 2013; Weber et al., 2017).

4.6. RSDS and arthritis effects on the brain in male mice

Microglia are the first immune cells reacting to stress in the CNS,
expressing f-adrenergic and glucocorticoid receptors (Calcia et al.,
2016). Microglia activation contributes to neuroinflammation, particu-
larly within stress-reactive brain regions (frontal cortex, hypothalamus,
amygdala, hippocampus) and spinal cord, the first relay for pain trans-
mission in the CNS (Niraula et al., 2018; Sawicki et al., 2019; Weber
et al., 2017). Neuroinflammation influences the behavioral response to
stress in animals (McKim et al., 2018; Sawicki et al., 2019; Weber et al.,
2017) and represents a core feature in human depression. Brain-
activated microglia and elevated pro-inflammatory cytokines in the
cerebrospinal fluid were reported in depressed patients (Setiawan et al.,
2015; Weber et al., 2017). RSDS-induced neuroinflammation is char-
acterized by increased cytokines (IL-1f, IL-6, TNF-a) and chemokines
(CCL2/MCP-1) release, reduced fractalkine/CX3CL1 ligand and receptor
expression and upregulation of surface adhesion molecules (CD14, TLRs,
and CD86) (Weber et al., 2017). Stress “primes” microglia, as they
produce an exaggerated pro-inflammatory response to subsequent im-
mune challenges (Weber et al., 2017; Wohleb et al., 2015). This is
consistent with a potentially stronger or longer-lasting priming effect in
susceptible than resilient mice, in line with the increased microglia
expression and monocyte brain infiltration found only in susceptible
mice at the late arthritis stage.
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This is the first study showing monocyte rACC infiltration following
joint inflammation in susceptible mice very long time after RSDS
exposure. The ACC is particularly responsive to stress and pain, also
during arthritis (Abe et al., 2022; Kummer et al., 2020; Malange et al.,
2022; SiiB et al., 2020).

Previous studies demonstrated that RSDS promoted the recruitment
of peripherally-derived Ly6Chigh monocytes to stress-responsive pre-
frontal brain regions, especially rACC, where they transformed into
macrophages and propagated neuroinflammatory signaling by inter-
acting with microglia to promote anxiety-like behavior (McKim et al.,
2018; Nie et al., 2018; Niraula et al., 2018; Weber et al., 2017; Wohleb
et al., 2013). Leukocyte trafficking into the brain, but not the spinal cord
(Sawicki et al.,, 2019), was attributed to cerebrovascular damage
(Cathomas et al., 2019; Lehmann et al., 2022) or active recruitment to
stress-responsive regions by neuroinflammatory mediators and endo-
thelial adhesion molecules (Weber et al., 2017; Wohleb et al., 2015,
2013). Notably, monocyte recruitment was transient and was cortico-
sterone- and microglia-dependent, resolving twenty-four days after
RSDS, together with neuroinflammation and anxiety-like behavior
(McKim et al., 2018; Niraula et al., 2018; Wohleb et al., 2015, 2014).
Sub-threshold stress could re-establish it (Wohleb et al., 2015, 2014). A
similar effect might have been mediated by arthritis induction in sus-
ceptible mice by prolonging microglia activation and monocyte infil-
tration. Accordingly, Ly6C8" monocyte depletion during the initiation
phase of arthritis abolished the late stage rACC microgliosis and
monocyte infiltration, coinciding with pain recovery in susceptible
mice.

The neuroinflammatory status in rACC might have affected the
neuronal pain circuits and facilitated pain persistence in susceptible
mice. Microglial activation and monocyte infiltration spatially coincided
with reduced neuronal activation in susceptible mice at the late arthritis
stage. Similarly, combining forced swimming stress and paw inflam-
mation decreased neuronal activation in the insular cortex and was
associated with enhanced mechanical hypersensitivity (Imbe and
Kimura, 2015). Decreased neuronal activation in the ACC was also
observed following systemic inflammation and was associated with
microglia activation (He et al., 2023). This potentially contributed to
ACC dysfunction and influenced pain behavioral responses by regulating
excitatory neuronal transmission (Vialou et al., 2014, 2010).

4.7. RSDS effects on arthritis in female mice

Despite similar emotional-like behavior following RSDS in female
and male mice, as previously shown (Harris et al., 2018), our findings in
female mice revealed differences in patterns of mechanical sensitivity,
FCM levels, immune cell recruitment, cytokine production, and absence
of microglia-mediated neuroinflammatory response in the brain
compared to males. The fact that we did not observe a long-lasting effect
of RSDS on mechanical sensitivity, nor increased pain severity following
arthritis induction (only pain persistence at the late stage) in susceptible
female mice compared to controls, could have different possible expla-
nations. First, control females were also physically separated from their
cage mates, although not receiving the defeat protocol, and females are
more sensitive to social isolation than males (Senst et al., 2016), possibly
contributing to the similar mechanical sensitivity in stressed and non-
stressed groups. Secondly, defeated female mice can perceive or
receive the attacks from a male mouse differently than males, because of
sexual-related physiology/ behavior due to the presence of male urine
and male aggressor (Harris et al., 2018). These differences limit the
direct comparison of males and females in this model and may
contribute to different cellular and molecular mechanisms underlying
the behavioral responses. This resulted in the absence of the typical
immune cell and cytokine profiles found in the blood of males following
RSDS or in an alternative, more intense, RSDS female model (Yin et al.,
2019). Unexpectedly, we observed solely circulating eosinophil reduc-
tion in all stressed females after RSDS. Eosinopenia has been associated
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with diverse kinds of stress in women (Oyster, 1980). No other changes
following arthritis induction were observed in females, except for higher
infiltration of neutrophils and macrophages in the inflamed synovium of
susceptible females compared to controls, similar to males. We did not
directly compare males and females. However, sex differences are
known in pain manifestation, immune cells, molecular composition at
the joint level, and pain pathways under inflammatory states in patients
and rodents (Kim and Kim, 2020; Valdrighi et al., 2022).

The absence of microglia/ monocyte-related changes in the CNS
suggests that alternative pathways responsible for pain persistence
might exist in susceptible females. Previously, RSDS-induced prolonged
post-surgical pain was observed in both males and females, but it was
mediated by spinal microglial activation only in males (W. Wang et al.,
2022). In accordance, microglia-specific genes were downregulated in
women and upregulated in men with depression (Seney et al., 2018).
Previous studies demonstrated that mechanical hypersensitivity in fe-
male mice is mediated by T-cell infiltration rather than microglia (Sorge
et al., 2015). Although the cell and cytokine profiles in female blood did
not point out a specific regulation of T cells in our study, we cannot
exclude their potential involvement in the behavioral responses of sus-
ceptible female mice with arthritis. Mechanical pain in females was also
demonstrated to be mediated through macrophage-neuron crosstalk via
the IL-23/IL-17/TRPV1 axis in dorsal root ganglia (Valdrighi et al.,
2022).

5. Conclusions

This study advanced our understanding of how peripheral and cen-
tral immune processes participate in stress-induced behavioral and
neurochemical alterations.

Released immune cells, especially Ly6Chigh monocytes, and cyto-
kines are potential key mediators of the persistent arthritis-associated
hypersensitivity in stress susceptible male mice, as they regulate the
inflammatory responses locally at the joint and centrally in the rACC.
However, how all these factors interact with each other remains to be
elucidated. Notably, female mice presented different behavioral and
immune regulations than males, and, therefore, investigating the spe-
cific cellular and molecular mechanisms involved in females deserves
further investigation. Nevertheless, our findings highlight potential ad-
vantages of targeting monocytes to prevent chronic inflammatory pain
in specific patient populations, particularly those susceptible to chronic
stress.
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